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ABSTRACT

INFLUENCE OF INTERFACIAL CONSTRAINTS ON

THE MICRODOMAIN MORPHOLOGY OF BLOCK COPOLYMERS

FEBRUARY

1992

DWIGHT W. SCHWARK, B.S., CORNELL UNIVERSITY
M.S.,

UNIVERSITY OF MASSACHUSETTS

Ph.D.,

UNIVERSITY OF MASSACHUSETTS

Directed by: Professor Edwin L.

Both an external surface constraint and a

Thomas

thin film constraint

were found

to

strongly influence the microdomain morphology and macromolecular conformations
in linear

and

and

star poly(styrene-b-butadiene)

(SB) and poly(styrene-b-isoprene)

linear poly(styrene-b-isoprene-b-2-vinylpyridine)

(SI),

(P2VP) block copolymers.

Transmission electron microscopy (TEM) of cryo-ultramicrotomed cross-sections of
the external surface

and of

thin films

was employed

microdomain morphology. Assuming sharp
between phases, the mean curvature (H)
respective block chain extensions

determine the interfacial

interfaces of constant

of, the area

away from

to

mean

curvature

per junction (op along, and the

the intermaterial dividing surface

(IMDS) were determined.
Under near-equilibrium processing

conditions, segregation of the lowest

critical surface tension (yc )

polydiene blocks to the external surface and to the

interface with the substrate

was observed

for all of the block

copolymer architectures

and compositions investigated. In diblock copolymers,
the thickness
external surface layer

was noted

to

(t)

of the

depend upon the molecular weight of the lower
yc

block, the composition of the diblock, and in star
diblocks the position of the lower
yc

TEM measurements indicated that

block in the arm.
certain

microdomain types and surface

and increases by up

to

200%

in aj

orientations.

t

can decrease by up to

Both decreases by up

were found. These large variations

in

t

to

800%

for

50%,

and o;

indicate that the chain conformations of block copolymers
are highly adaptable in the

presence of an external surface constraint.
Preferred surface orientations of the microdomains were observed.
For body-

centered cubic packed spherical microdomains, the closest-packed
{110} planes and
occasionally the

{

100} planes were parallel to the external surface. For cylindrical

microdomains, the

{

100} planes were parallel to the external surface. The ordered

bicontinuous double-diamond (obdd) structure was found to undergo a surface-

induced morphological transition to cylindrical microdomains, except when the
surface orientation

was with

the

{ 1

10} planes of the obdd morphology parallel to the

external surface. At equilibrium, parallel surface orientations of lamellar

microdomains are preferred. In

all cases, the preferred orientations facilitate the

formation of interfacial layers of the lower y block. The results of
c

new

this

work provide

insight for the basic understanding of the physics which govern the

microdomain

morphology of block copolymers.
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CHAPTER

1

INTRODUCTION

1.1

Opening Remarks

Although the

ability to synthesize

block copolymers with controlled and well-

defined structures by anionic polymerization has existed for
nearly 35 years, there

remains considerable experimental and theoretical

still

interest in the understanding of the

physics of this type of macromolecule. Incompatibility of the different
blocks in the

copolymer

results in

phase separation for large block molecular weights and

/

or low

temperatures. However, unlike polymer blends the length scale of the phase
separation in block copolymers

due

to the covalent

is

only on the order of the blocks' radii of gyration,

bonds between blocks. Since the

radii of gyration are typically a

few tens of nanometers, the incompatibility of the blocks
separation.
fine scale

Block copolymers exhibit

results in

"microphase"

their unique physical properties because of this

microphase separation.

For

AB

amorphous

/

amorphous diblock copolymers, microphase separation

results in the formation of well-ordered

microdomains of the minority component

block. In the bulk of these copolymer samples the experimentally observed

microdomain morphologies include: body-centered cubic

(bcc) packed spherical

microdomains, hexagonally packed cylindrical microdomains, ordered bicontinuous

double-diamond (obdd) microdomains, and alternating lamellar microdomains.

Thermodynamic
been developed

theories,

which take

into account enthalpic

and entropic

factors,

have

to describe the order-disorder transitions and, as recent experimental

l

results

have confirmed, the order-order

transitions

which occur near the microphase

separation transition. Additional experimental
and theoretical

work has

also

shown

that the chain conformations of the
blocks are perturbed during the microphase

separation process. Microphase separation
to form microdomains of the minority

component block, surrounded by a matrix of the majority
component block,
chain extension of the blocks

away from

the

microdomain

/

results

in

matrix intermaterial

dividing surface (IMDS).

Of the many commercial
number

rely

on the

applications of block copolymers, a significant

interfacial properties of these materials.

For example, block

copolymers are used as adhesives and as compatibilizers. The
presence of interfacial
constraints such as the external surface of a sample, the interface
with an

imbedded

foreign object, or the internal interfaces of microdomain grain
boundaries will result
in the perturbation of

macromolecular conformations and microdomain morphology.

Therefore, a fundamental understanding of

how

the

microdomain morphologies and

hence the macromolecular conformations of block copolymers are perturbed by
interfacial constraints

studies will also

add

is

key for the design and application of these materials. Such

to the

fundamental understanding of the physics of these

macromolecules.
This dissertation addresses the question of

how

the

microdomain morphology

and, hence by implication, the macromolecular conformations of block copolymers

with different compositions and architectures are perturbed by interfacial constraints.

The types of interfacial

constraints considered include a single external surface

constraint (polymer / air interface) and an external surface constraint in close

proximity to a polymer / substrate interfacial constraint,

i.e.

a thin film. Block

copolymers under investigation include linear poly(styrene-b-isoprene)
poly(styrene-b-butadiene) (SB) diblock copolymers, star SI and

2

SB

(SI)

diblock

and

copolymers, and linear
poly(styrene-b-isoprene-b-2-vinylpyridine) (SI2VP)
triblock
copolymers. Morphology
star diblock

is

investigated as a function of the composition
and, for the

copolymers, also as a function of the position
of the poly(isoprene) (PI)

block within the star (inside versus outside).

Techniques commonly used

to investigate the surface

composition and

morphology of block copolymers include contact
angle and surface tension
measurements, spectroscopic analysis,

reflectivity analysis,

and electron and

optical

microscopy observations. Contact angle and surface
tension measurements are
extremely surface sensitive, while spectroscopic analysis
and

reflectivity techniques

can yield information on concentration gradients from
the surface into the bulk of the
material.

However, these techniques cannot precise morphological changes

in the

ordering and / or shape of the microdomains in the near-surface
region. In this
dissertation, cross-sectional transmission electron

microscopy (TEM)

is

the primary

technique which has been employed to allow direct observation of the
influence of
interfacial constraints

on the microdomain morphology and, hence, the

macromolecular conformations of block copolymers.

1.2 Organization of the Dissertation

In order to develop a set of morphological descriptors
to discuss the results of this investigation,

which can then be used

two background chapters are

first

presented.

Chapter 2 gives a short review of the experimental and theoretical investigations on
the

microdomain morphology and macromolecular conformations

copolymers.

Key morphological

descriptors for the bulk

are discussed. Included in Chapter 3

is

microdomain morphology

a brief review of the most

analysis techniques used to investigate block copolymer samples.

3

in the bulk of block

common

surface

The new important

morphological descriptors that must be considered
for the various interfacial
constraints will then be discussed.

The key experimental and

theoretical

work on

the

influence of an external surface constraint
on the local composition and morphology

of block copolymer samples

is

then reviewed.

The

synthesis and characterization of

the diblock and triblock copolymers,
the preparation of the thick and thin
copolymer
films,

and the surface analysis techniques used

Chapter

4.

Chapter 5 discusses experimental results on the influence
of an external

surface constraint on linear
cylindrical,

in this dissertation are presented in

SB

diblock copolymer samples which exhibit spherical,

and lamellar microdomain morphologies

in the bulk.

external surface constraint and a thin film constraint
on samples

obdd microdomain morphology
microdomain morphology

in the bulk are outlined in

in thin films prepared

evaporation procedures can be found in Chapter

The

influence of an

known

Chapter

6.

to exhibit the

A

study of the

by slow and rapid solvent
7.

Chapter 8 discusses the near-

surface microdomain morphology of block copolymers with different
macromolecular
architectures.

The conclusions of this

research are given in Chapter
the cross-sectional

9.

dissertation

work and suggestions

for future

The Appendix contains an example of the

ability of

TEM surface analysis technique to monitor the migration of

diblock copolymer impurities.

4

CHAPTER 2

MICRODOMAIN MORPHOLOGY AND MACROMOLECULAR
CONFORMATIONS OF BLOCK COPOLYMERS

This chapter

is

divided into four sections.

types of block copolymers that can be created

is

A brief introduction to the different

given in Section 2.1. Sections 2.2

and 2.3 review experimental and theoretical investigations,
respectively, of the bulk

microdomain morphology

ABC triblock copolymers.

in linear

and

star

AB diblock copolymers

and

The key morphological descriptors needed

microdomain morphology and macromolecular conformations
copolymer samples are discussed

in the

in linear

to describe the

bulk of block

in Section 2.4.

2.1 Introduction

In 1956, Szwarc et

al.

[1,2]

demonstrated the

techniques to yield "living" polymers.

By

adding

living end, diblock copolymers could be created.

multiphase material. Whereas previously

it

ability

of anionic polymerization

monomer of a second
Thus was

was possible

to

bom

a

new

type to the

type of

blend together two

incompatible polymers to yield a macroscopic, multiphase material, anionic
polymerization techniques allowed one to create materials which are multiphasic on a

microscopic

level.

This

is

a direct consequence of the covalent linking together of the

two incompatible polymers. The thermodynamic driving force

to separate the

two

incompatible blocks into discrete phases results in microphase separation, where the
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scale of the microphase separation

is

restricted to that of the radii of
gyration of the

blocks (typically several tens of nanometers).

"Block copolymer" can be used to describe
macromolecules with a wide
variety of architectures.

and

B

As can be seen

blocks result in linear

copolymer

architectures.

AB,

star

in Figure 2.1, different

AB, segmented AB, and

Upon microphase

arrangements of the

graft

A

AB diblock

separation, block copolymers

may form

well-ordered or random microdomain morphologies
depending upon variables such as
the arrangement of the blocks in the copolymer
macromolecule, the characteristics of
the individual blocks, and the processing history.
For example, the chemical species

forming the blocks

may be amorphous

or semi-crystalline. Thus,

it is

possible to have

both microphase separation and crystallization in block
copolymers and

this is

responsible for the fact that a wide variety of complex
morphologies are observed in

block copolymers. For a detailed review of the various types of
block copolymers
that

have been synthesized, the reader

McGrath

is

referred to the

book by Noshay and

[3].

The work discussed

in this dissertation concentrates

on linear and

star

diblock

and linear triblock copolymers containing amorphous blocks. Even the simple case of

amorphous
attention

/

amorphous

linear

AB

diblock copolymers

from both the experimentalists and

theorists.

is still

receiving considerable

A summary of previous

experimental and theoretical work on the microphase separation process in the bulk of
linear

and

samples

is

star

diblock and, to a more limited extent, linear triblock copolymer

now

given.

More

detailed reviews of the experimental investigations on

AB diblock copolymers are given in references

6

[4-9].

2.2 Experimental Investigations

2.2.1 Linear

Some

and Star Diblock Copolymers

of the earliest work on microphase separation in
block copolymers was

that of Skoulios et

al.

in various solvents.

[10]

on poly(styrene-b-ethylene oxide) (SEO) block copolymers

Small angle x-ray scattering (SAXS) studies indicated

that these

block copolymers produced well-ordered morphologies in
concentrated solutions.

SAXS work by other groups

Further

on a variety of block copolymer systems also

indicated the formation of similar microdomain morphologies
in pure block

copolymers, with no solvent present. Development of an osmium tetroxide
(OSO4)
staining

method by Kato [11,12]

to selectively react with the

double bonds present in

a polydiene block, such as poly(butadiene) (PB) or poly(isoprene) (PI), has
allowed
researchers to investigate block copolymers containing a polydiene block
by

transmission electron microscopy (TEM), as well as by

proven

to

be the most effective techniques

to

SAXS. SAXS and TEM have

examine the microdomain morphology

because the effective size scale of the microphase separation, typically between 5 and

100 nanometers (nm),

falls directly

within the range measurable by the two

techniques.

The

three

microdomain morphologies observed by early workers included: a

three-dimensional arrangement of spheres of the minority component, a two-

dimensional arrangement of cylinders of the minority component, and a onedimensional arrangement of alternating lamella of each of the components. In 1970,

Molau

[13] proposed the first

microdomain morphology versus copolymer

composition diagram which can be seen

in

Figure 2.2. Although a range of values

have been reported, depending upon the particular system,
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in general for minority

component volume

fractions less than 0.2, spherical

microdomains were observed,

while between 0.2 and 0.4, and 0.4 and
0.6 cylindrical and lamellar
microdomains

were observed, respectively. Although
microdomains was not

the ordering of the spherical

specifically discussed, further

and cylindrical

work has shown

that at

equilibrium the cylindrical microdomains are
arranged on a two-dimensional

hexagonal

lattice [14-16]

and the spherical microdomains pack onto a
body-centered

cubic (bcc) lattice [17-19].
In order to develop long-range ordering of the
microdomains, which
characteristic of

noted.

The

first

microdomain

thermodynamic equilibrium, several important

is

factors have

been

concerns the features of the copolymer macromolecules.
Uniform

sizes

and shapes, which are both prerequisites

to long-range ordering,

require narrow molecular weight distributions. Polydispersities
of less than 1.1,

where the polydispersity

is

defined as the weight average molecular weight

divided by the number average molecular weight
anionic polymerization technique.

A

total

the ability to control the chain characteristics

investigate structure / property relations.
utility

key feature of the
is

the

molecular weight and the composition or

of the block molecular weights to the

commercial

are a

second feature of the anionic technique

ability to precisely tailor both the overall

ratio

(M n ),

(M w )

copolymer molecular weight. With

it is

thus possible to systematically

Such studies are particularly relevant

for the

of block copolymers.

The method used

to prepare the

sample has also been shown

to

be important in

determining the microdomain morphology. Thermodynamic equilibrium
obtained by slow solvent casting from

is

best

initially dilute, non-preferential solvent

solutions. This step should then be followed

by thermal annealing above the glass

transition temperature of both blocks, but at a temperature

below

that at

which the

blocks are miscible. Other techniques to promote long-range ordering of the

8

microdomains, and hence produce single crystals
of block copolymers, have involved
mechanical deformation. Keller

et al. [16,20,21]

have used an extrusion technique

to

prepare single-crystals of block copolymer
samples containing cylindrical and
lamellar microdomains, while Hadziioannou
et

al.

[22]

have used a shearing apparatus

for block copolymers samples with
cylindrical microdomains. Current research
in our

group [23]

is

directed towards developing other mechanical
deformation techniques to

promote long-range ordering of lamellar and cylindrical
microdomains.

It

must be

noted that unless the mechanically deformed samples
are post-annealed, the

microdomain

size

and interdomain spacing will not be the equilibrium values
because

of the high levels of stress present.
In addition to spherical, cylindrical,

more recent

and lamellar microdomain morphologies,

investigations have identified the existence of a fourth equilibrium

microdomain morphology termed the ordered bicontinuous double-diamond
(obdd)
microdomain morphology

[24,25].

morphology, see Figure 2.3a,

is

The

basic repeat unit of this

a tetrapod

microdomain

where the minority component chains

are

inside the tetrapod. Interconnection of the corners of the tetrahedra surrounding
the

minority component tetrapods

Pn3m

space group

is

formed.

is

such that a cubic

Two

lattice

with the symmetry of the

separate, three-dimensionally continuous,

networks of the minorty component are formed by the interconnection of these
tetrapods,

where each network exhibits the symmetry of a diamond cubic

hence the name. The unit

cell for the

obdd microdomain morphology contains one

tetrapod and the lattice parameter for this unit

The

actual intermaterial dividing surface

which

lies inside the tetrapods,

cell,

a^dd' can be seen

(IMDS) between

mean

in Figure 2.3b.
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in

the minority

and the majority matrix component

[26-28] as a surface of constant, non-zero,

computer- generated image

lattice,

is

Figure 2.3a.

component,

best modelled

curvature and can be seen in the

Observation of the obdd microdomain
morphology

in a variety

copolymer systems has been noted. This morphology
was

first

of block

identified in star

poly(styrene-b-isoprene) (SI) diblock copolymers
having 27-33 volume percent

(vol%) of the outer poly(styrene) (PS) blocks
[24,29-32] and
styrene) (IS) diblocks with 27

observations,

vol% PI outer blocks

[32].

in star poly(isoprene-b-

Following these

PS and PI obdd microdomains were found in

linear SI diblock

copolymers containing 28-34 vol% PS [33] and 62-66
vol% PS [25,33], respectively.
For

star diblock

copolymers, the formation of the obdd microdomain
morphology was

noted to depend upon architectural variables such as
the arm number [29,30], arm

molecular weight [29], and position of the minority component
block [24,29-32].
Further

comment on

the importance of the architectural variables for star
diblock

copolymers exhibiting the obdd morphology
Recent

results

have shown

that the

is

discussed in Chapter

6.

obdd microdomain morphology can

also

occur in binary linear diblock copolymer / homopolymer blends. For
example,

assembly

in a

blend of a linear SI diblock copolymer, which forms alternating

lamellar microdomains by

itself,

obdd microdomains

Adding PB homopolymer

[34].

with PS homopolymer results in the formation of PI

(BS) diblock copolymer, which forms
in the

self

formation of

PB

cylindrical

PB obdd microdomains

to a poly(butadiene-b-styrene)

microdomains by

itself, results

In this blend work, the overall

[34].

minority component composition was nearly identical with that observed for obdd

microdomains

in

pure linear diblock copolymers.

Formation of the obdd microdomain morphology by mixing a cylindrical

forming linear diblock copolymer with a lamellar forming linear diblock has been
demonstrated in

this dissertation

and

will be discussed in

more

detail in

Chapter

Unlike the binary diblock copolymer / homopolymer blends, both species
binary diblock

/

diblock blend must reside

at the

10

obdd microdomain

/

6.

in the

matrix

IMDS.

The observation of the obdd microdomain
morphology

in binary blends contradicts

the previous assumption that
monodisperse diblock copolymers are necessary
for long

range ordering of the microdomains. However,
these binary blends contain a mixture
of two very monodisperse species and such
a highly ordered microdomain

morphology

is

not expected in blends containing a large
number of species.

Finally, the

obdd microdomain morphology

component pentablock copolymers

[35]. In

is

believed to occur in

tri-

such a system, one of the blocks must

form the matrix phase, while the other two incompatible
blocks must each reside
within one of the two diamond networks. Further
discussion of the obdd

microdomain morphology

in

tricomponent block copolymers will be given in

Section 2.2.2.

Comparison of the composition windows over which
microdomain morphologies

the

PS and PI obdd

are observed with typical composition

windows

for the

other three microdomain morphologies in SI diblock copolymer
systems indicates that
the

obdd morphology occurs

in a

narrow composition window between

that of the

hexagonally packed cylindrical microdomains and the alternating lamellar

microdomains. Therefore, the earlier microdomain morphology versus composition

diagram of Molau (Figure 2.2) must be modified

microdomain morphology. Figure 2.4 shows

to include the cubic

the revised

obdd

microdomain morphology

versus diblock copolymer composition diagram with typical composition windows for
the various microdomains, as observed in linear SI diblock copolymers. Although the

composition windows for the morphologies

morphologies shown schematically
observed in

star SI

differ, the

in Figure 2.4

have also been experimentally

diblock copolymers [24, 29-32].
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four microdomain

2.2.2 Linear Triblock

Copolymers

In addition to block copolymers
containing

also been
species.

the

two

different species, there has

some experimental work on block copolymers

The

interest in these materials derives

containing three different

from the unique physical properties of

ABA thermoplastic elastomer type block copolymers.

While such block

copolymers have been called triblock copolymers, they
actually only contain two
different blocks

and hence are more properly denoted as 2 arm

copolymers according

to the

minority component glassy

block (usually

PB

convention adopted in

B

The

By combining a

A block (usually PS) and a majority component rubbery B

phase. This

attached to both ends of the rubbery
block.

AB diblock

this dissertation.

or PI), microphase separation to yield glassy

reinforce the elastomeric

star

B

is

only true

when

A microdomains will

the glassy

A blocks are

block and hence anchor both ends of the

B

properties of the thermoplastic elastomers can be tailored by varying
the

relative molecular weights of each of the blocks, the total overall

molecular weight, and the sample preparation conditions.

copolymer

A further technique to alter

the properties without changing the total copolymer molecular weight and
the rubber

block content of the copolymer

is

to use a third block, thereby creating an

ABC

triblock copolymer.

While two of the blocks
and

PB

or PI blocks, a

in the triblock

copolymers have generally included PS

number of different blocks have been incorporated

component. They include: poly (ethylene sulphide)

as the third

[36], poly(a-methylstyrene) [37],

poly(2-vinylpyridine) [38-40], poly(4-vinylpyridine) [40-46], poly(p-tertbutylstyrene) [47], poly (ethylene oxide) [48], poly[(4-vinylbenzyl)dimethylamine]
[49-53], poly(methylmethacrylate) [54], and poly(dimethylsiloxane) [55].

with the preparation of triblock copolymer samples

12

is

A problem

finding a solvent which

is

equally good for each of the three components.
as

many

as

30 different solvents for

their

Some workers

[42-44] have explored

ABC system and then

investigated binary

solvent mixtures. Because of the different
volatilities of the solvents in binary
mixtures, the chances of creating a morphology
which

is far

from equilibrium

is

enhanced. Most of the studies have also not considered
the importance of annealing
to reach the equilibrium

microdomain morphology. These two points are

likely

responsible for the fact that a series of well-ordered
microdomain morphologies, such
as those seen in Figure 2.4 for linear and star

not been observed for linear

ABC triblock copolymers.

However, there have been some
diagrams proposed for

morphologies and morphology
In 1980, Riess et

ABC triblock copolymers with

blocks, and poly(methylmethacrylate)

Since for

interesting

ABC triblock copolymers.

a morphological diagram for

2.5.

AB diblock copolymers, have typically

(PMMA) C blocks

the morphology,

where

I,

al.

S,

decided to plot

and

respectively. For fixed I/S, they

I/S versus (I

A

[54] proposed

blocks, PI

which can be seen

AB diblock copolymers the volume fraction

the morphology, Riess et

PS

al.

+

B
in

Figure

of each phase determines
S)/(I

+ S + M)

to display

M are the volumes of the PI, PS, and PMMA phases,
assume

that the basic

spherical, cylindrical, and lamellar structures of

morphologies will consist of

PS and

PI dispersed in a

PMMA

matrix over the typical composition windows for the morphologies

in

AB diblock copolymer microdomain

the basic

morphology diagram. Within

Molau's [13]

spherical, cylindrical, and lamellar structures, there are substructures (S
a through

for the spherical composition regime) that
(I

+

S)/(I

phase

is

+ S + M)

is

less than 0.2,

depend upon

I/S.

S5

For low PI content when

incomplete coating of PS spherical cores by the PI

predicted to occur and yields the S a morphology seen in Figure 2.5.

Increasing I/S within the spherical composition regime yields a core-shell structure

(Sp) and then cylindrical (Sy) and spherical (S5) microdomains of PS dispersed

13

in the

PI phase. The only experimental results
that Riess et

copolymer containing PS,
morphology, but the
basic spherical

seems

(I

PI,

and

+ M)/(I +

al.

show

PMMA blocks is a PMMA core-PI shell

M + S) value of approximately 0.28

domain composition window. Also, while

logical based

for a triblock

on Molau's diagram,

it

the

does not consider

outside of the

is

diagram they construct

how

the chains pack to

form such morphologies. Substructure Sp seems plausible
by arranging covalently

bonded A, B, and

C blocks

stretching of the chains to

but substructures S , S
a

,

y

and S 5 imply very non-uniform

form the morphologies.

Besides the core-shell morphology,

TEM investigations of ABC triblock

copolymers have also indicated the formation of other new morphologies.
In triblocks
containing

PS

A blocks, PB B

Kudose and Kotaka
based on their

blocks, and poly(4-vinylpyridine)

[44] construct the

TEM observations.

(P4VP)

two ternary phase diagrams seen

C blocks,

in Figure 2.6,

The microdomain morphologies observed

are

dependent upon the solvents used, either chloroform for Figure 2.6a or a 9/1

(volume/volume) butyraldehyde/chloroform mixture for Figure 2.6b, and thus are not
equilibrium morphologies but rather are metastable morphologies, as Kudose and

Kotaka suggest. Annealing

to erase

any solvent induced morphologies was not

performed. The two well-ordered morphologies that are claimed are the "ball-in-a-

box" and "three-layer-lamellae" morphologies. While no

TEM

experiments were performed to confirm these morphologies,
the similarity of these morphologies to those proposed

it is

by Riess

series or

tilt

SAXS

interesting to note

et

al.

The

"three-

layer-lamellae" can be seen in the bottom right corner of Figure 2.5 while the "ball-in-

a-box" morphology

is

identical to the core- shell

layer-lamellae" morphology, the value of (S

outside the composition

window

(0.4

-

morphology

(Sp). For the "three-

+ B)/(S + B + 4VP)

0.6) predicted

by Riess

et

is

0.66 and

al.

As

is

is

just

the case for

diblock copolymers, the composition windows will likely depend upon the type of
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blocks and will not be symmetric about
the 50:50 composition because of
differences
in the densities

note

is

and

statistical step lengths for

the fact that the "ball-in-a-box"

composition (0.66), which
al.

However,

as noted in

solvent for the

P4VP

is

each of the blocks. More important

morphology

also occurs at the

to

same

very different than the < 0.2 value predicted
by Riess et

Kudose and Kotaka's paper

block. Since the

observation of this morphology at a

[44],

P4VP block forms

P4VP composition

chloroform

is

a poor

the inner ball, the

of 0.33

is

likely

due

non-

to a

equilibrium solvent effect.

Morphologies other than the "ball-in-a-box" and "three-layer-lamellae"
are
also

shown

in Figure 2.6.

Figure 2.6b,
coating of

is

The incomplete coating of P4VP spheres by PB, depicted

similar to that proposed by Riess et

P4VP cylinders and

incomplete coating

is

samples exhibiting

this

claimed

lamellae by
to

unannealed. The incomplete coating
is

is

cast

triblock

from binary solvent mixtures and were

would then

copolymer system
to

occur

blocks, poly[(4-vinylbenzyl)dimethylamine]

is in

in

Riess et

al.

given by (S

+ 4VBDMA)/(S +

which well-ordered microdomain

(P4VBDMA) B

in Figures 2.7a, b,

For the morphologies shown

occur.

ABC triblocks containing PS A

[49-53]. Schematics of the morphologies observed

The morphologies seen

worth noting that the

not expected since significant perturbation of the

morphologies have been suggested

2.7.

it is

therefore likely due to the solvent evaporation

triblock chain conformations in these regions

The only other

Figure 2.5. Incomplete

seen in Figure 2.6b. While

is

have been observed,

morphology were

process. Incomplete coating

PB

in

al.

in

by

blocks, and PI

C blocks

TEM are depicted in Figure

and c are similar

in Figures 2.7a

and

to those predicted

b, the

by

weight fraction

4VBDMA + 1) is 0.76 which is outside the 0.4

-

0.6

value expected from Figure 2.5. While the morphologies proposed in Figures 2.7a

and b are similar

to those predicted

by Riess
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et al., the

two morphologies exhibited

in

these figures are for the

same

triblock sample cast

from two different solvents, rather

than for two triblock samples with different
values of (4 VB DMA/I) as Riess et
predicted.

perturb the

The non-continuous

nature of the PI

microdomains

(I)

P4VBDMA (A) chain conformations.

Shibayama

et

al.

in Figure 2.7a will

al.

[50] actually

mention how the morphology of the PI microdomains
may be affected by the solvent
type and evaporation rate. Hence, the morphology

shown

in Figure 2.7a is likely a

non-equilibrium microdomain morphology.

The projected morphology seen

in Figure 2.7c is also consistent with
those

predicted in Figure 2.5. While the value of 0.53 for the
ratio of (S
(S

+

4VBDMA + 1) is outside the 0.2

-

0.4 range that

was

predicted, the concentric

cylinders do allow for uniform stretching of the three blocks.

which was not predicted by Riess

morphology has a
the

obdd morphology. When

the

obdd morphology had not been

fractions of the PI, PS,

copolymers. Since

final

the early

one of the characteristic

work of Matsushita

This projected

TEM projections of

et al. [53]

Recent unpublished

identified.

morphology

was published,

TEM work by

ABC triblock copolymer containing 0.26, 0.48, and 0.26 weight

Matsushita [56] on an

morphology similar

A

et al. is depicted in Figure 2.7d.

striking similarity to

4VBDMA) to

+

and

to the

all

P2VP blocks,

respectively, has revealed the formation of a

obdd microdomain morphology observed

three of the phases are

now continuous,

in

diblock

a better term for the

morphology, such as the ordered tricontinuous double-diamond microdomain
morphology, must be used.

Although the amount of experimental work on triblock copolymers
nearly as extensive as the amount of

work on

composition diagram proposed by Riess et

al.

diblocks, the
[54] has

However, further work
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is

not

morphology versus

proven

to

be quite accurate in

predicting the morphologies that should be observed in the bulk of linear
triblock copolymers.

is

ABC

warranted in light of the recent

discovery of the fourth, obdd, equilibrium
microdomain morphology in diblock

copolymers and the similar morphology

in triblock

copolymers

[56].

2.3 Theoretical Investigations

While early experimental

studies primarily focused

on determining the types

of microdomain morphologies possible, subsequent
experimental and theoretical work
has concentrated on identifying the factors which
are relevant for the microphase
separation process and on predicting the onset and
microdomain morphology

accompanying microphase

separation.

has been developed for model

Most of the

theoretical

AB diblock copolymers

presented in this section will deal primarily with linear

work

be discussed

to

and therefore the discussion

AB

diblock copolymers,

except where noted.

For linear

AB diblock copolymers in the bulk, the equilibrium chain

conformations are determined by four experimentally controllable
include: the overall degree of polymerization
overall diblock molecular weight), the

composition, f^, which

is

N

volume

(which

directly related to the

fraction of the

given by the ratio of

monomer / monomer, Flory-Huggins

is

to

a and

p depend upon

The microphase
ordered state

may

copolymer with
between the

A

block, <I>a (or the

+ Ng), and

interaction parameter

%

parameter usually has a temperature dependence given by %
constants

.

The

A and B

=

In the

A / B,

p,

where the

[57,58].

separation process from a

0.5.

the

interaction

= «/T +

homogeneous disordered

be seen schematically in Figure 2.8 for a linear

<3>\

These

factors.

homogeneous disordered

state to

AB diblock

state, the

junctions

blocks are randomly distributed in space while in the ordered

state the junctions all lie

along the

AB IMDS.
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For systems exhibiting upper

critical

an

solution temperature

(UCST)

below the order / disorder

behavior, this ordering process occurs
upon cooling

transition temperature

(TODT). Since X

to temperature, this transition also
corresponds to increasing

X N above some

shortly,

X on

(xN) c

d>,

is

value given by (xN)
c

critical

also dependent

X

is

inversely related

or, as will

be discussed

Because of the dependence of

.

upon the composition.

Regardless of the state of the system, thermodynamic
equilibrium demands a

minimization of the

total free

energy of the system. Free energy expressions

developed for block copolymers always contain enthalpic
and entropic terms.

Microphase separation

is

favored enthalpically

at

low temperatures or high molecular

weights because the ordering process to form microdomains
will reduce the number of
unfavorable {% positive)

monomer / monomer contacts. Opposing

separation process are two entropic contributions.

The

first

the microphase

of these

is

the

conformational entropy. In order to form the various microdomain
morphologies and
maintain uniform density within the microdomains, both types of chains
must stretch

from the

IMDS

to the center of their respective

microdomains.

It is this

stretching (to

be discussed further) and the accompanying loss of conformational entropy which

opposes microdomain growth.
separation

entropy
the

is

due

loss.

IMDS

A second entropic penalty opposing microphase

to the localization of the

When

AB junctions

forming the microdomains the

rather than being

randomly

and

Theoretical
classified into

this factor is

known

as translation^

AB junctions are now confined to

distributed, as in the disordered state.

Generally the entropic penalty due to junction localization
chain stretching and

is

is

smaller than that due to

neglected in the theoretical calculations.

work on microphase

separation in diblock copolymers

two limiting regimes. The

first

regime

is

may be

the so called strong

segregation limit (SSL) and predicts the microdomain morphology after microphase
separation has occurred. Predictions of the conditions for the onset of microphase
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separation and the lowest free energy
microdomain morphology at the onset of the

order-disorder transition are given by the
In order to differentiate

weak

segregation limit

between these two regimes

the state (degree of segregation) of the
system.

The

it is

(WSL)

theories.

convenient to define

enthalpic contributions

which

seek to minimize the free energy of the system
are dependent upon
x, while the
entropic contributions are inversely related
to N. Hence, theoretical

copolymers

may be divided into regimes depending upon

valid for large

*N,

»

/

XN) C

,

Low *N,

molecular weights.

and

(

the early

« T0DT

is

and / or high

near (xN) c and hence high temperatures (T ~
,

[59],

Leary and Williams

more recent work by Semenov

Anderson and Thomas

T0DT)

WSL theories.

[27].

[66],

[60],

and Helfand and Wasserman

Ohta and Kawasaki

[67,68],

and

Helfand and Wasserman simplify the free energy

expression by assuming narrow interfaces between the nearly pure

and use

)

xN. The SSL

AB diblock copolymer microphase separation in the SSL include

work of Meier

[61-65], and

the value of

or hence low temperatures (T

or low molecular weights are relevant to the

Theories on

work on diblock

A and B

their mean-field theory to calculate free energies for the various

phases

microdomain

morphologies, the size of the microdomains, and the interdomain distance. The
equilibrium microdomain morphology at a given composition, and diblock molecular
weight,

is

the one with the lowest free energy. Figure 2.9

Wasserman's

shows Helfand and

[65] calculated stability limits for the spherical, cylindrical,

microdomains

in

SB

and lamellar

diblock copolymers at a fixed temperature of 90 °C. Helfand

and Wasserman's SSL theory, as well as those of Semenov and Ohta and Kawasaki,
indicate that the equilibrium

microdomain morphology

only by the composition of the copolymer and

is

that is

formed

is

determined

nearly independent of molecular

weight. However, the predicted compositional boundaries between the assumed

candidate microdomain morphologies

(i.e.

spheres, cylinders, and lamellae) are
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different for each of the

SSL theories. As

fractions at the boundaries

seen in Table 2.1, the predicted
mole

between the spherical and

cylindrical,

and cylindrical and

lamellar microdomain morphologies are
quite different for the various
It

SSL theories.

should be noted that both Meier and Helfand
and Wasserman assumed close-packed

spheres, rather than bcc packing. In addition,

of the theories, except that of

all

Anderson and Thomas, did not consider the obdd
microdomain morphology
free energy competition, since the

in the

obdd morphology had not been discovered

at the

time of these earlier theories.

The only theory

SSL

to consider the

theory of Anderson and

approach for linear and
theoretical

star

Thomas

obdd microdomain morphology

[27]. Modification of the

to date is the

Ohta and Kawasaki

AB diblock copolymers provided good agreement of the

and experimental obdd

lattice

parameters.

TEM image analysis and

simulation verified the appropriateness of the shape of the DvIDS
as a surface of

constant

mean

curvature.

predicted to be

However, the obdd microdomain morphology was not

more thermodynamically

failure of the theoretical calculations to
to result

from

limitations introduced

stable over

any composition range. The

match experimental observations

by assuming Gaussian chain

is

statistics.

believed

Extension

of the theories of Helfand and Wasserman or Semenov for the obdd microdomain

morphology remains

to be done.

Besides establishing the

morphologies, the
the overall block

given by

SSL

stability limits for the various

theories also predict the scaling of the

domain spacing, D, with

copolymer molecular weight, M. In general, the relationship

D = KM a

,

where predicted values of a

[66-68]. For a Gaussian coil

a has

et al. [70,71]

lie

a value of 0.5.

a stretching of the chains away from the

and Hasegawa

microdomain

IMDS

is

between 0.56 [59] and 0.67

Thus upon microphase

separation,

predicted. Hadziioannou et

al.

[69]

have used small angle neutron scattering (SANS)

to

show
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is

that, for

a sample containing lamellar microdomains,
the block chain dimensions

and perpendicular

parallel

IMDS

to the lamellar

are approximately

70% and 160%

of

the unperturbed dimensions, respectively.

Although some experimental studies
[25,62,64,72,73] have shown good
agreement with the

SSL theoretical predictions

for the scaling of the

with molecular weight, other experimental studies
[74,75] indicated

domain spacing

a values

outside

of the predicted range. S AXS results of Hadziioannou
and Skoulios [74] and
results of

Almdal

et al. [75] both indicated

larger than the 0.67 value that
al.

is

in

copolymers with the smallest values of N

transition into the

In the

SSL, where

SSL one

expects

0.67,

little

in the disordered state, the authors did
to stretched-coil transition

B monomers

mixing of the

transition,

A

at

and

B monomers,

al.

and hence the microdomain spacing should

[75]

earlier

have recentiy shown

hence the

WSL,

high temperatures and

A and B monomer interactions are very weak.

regime the copolymer conformations are suggested
coils,

that a final

i.e.

one expects increased mixing of the

and a wide interphase region, since

molecular weights the

was

is likely.

narrow interphase approximation of Helfand and Wasserman. In the
approaching the order-disorder

that this is not

to

/

A and

or low

In this

WSL

remain as unperturbed Gaussian

scale with

always the case

M^A

While Almdal

et

in the disordered state, the

WSL theories, which will now be discussed, have assumed that the coils are

unperturbed in

this

et

For diblock

and the authors' also stated

et al. [75]

a is

SSL theories. Almdal

in the disordered state.

a value of 0.5. A GaussianAlmdal

for the

symmetric diblock copolymers over a large

range of N, even when the copolymer was

therefore identified by

of approximately 0.8, which are

commonly accepted

observed such scaling behavior

however measure an

a values

SANS

regime.
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In 1980,

separation of

Uibler [76] introduced a

theoretical paper to describe the

AB diblock copolymers in the WSL.

microphase

His theory attempted to model the

onset of the microphase separation as the
local fluctuation in composition
from that of
the

homogeneous disordered

method of de Gennes

state.

Use of the random phase approximation (RPA)

[77] allows determination of the concentration
profile as a

function of position. At the transition, a certain
Fourier component of the

monomer

density fluctuation diverges and this denotes
the microphase separation or order-

disorder transition.

A morphology / composition diagram can be obtained by

calculating the regions over which the disordered
morphology and the ordered

microdomain morphologies are energetically
as a plot of
f

=

0.5

is

xN

stable.

This phase diagram

versus f (or <D A ) and can be seen in Figure

predicted to be QcN)
c

= 10.495

for an

The

2. 10.

is

obtained

critical

point for

AB diblock copolymer compared with

0CN)C = 4.0 for an A/B homopolymer blend with the same
and overall composition. Thus, covalent bonding of the

A and B

molecular weights

A and B homopolymers in a

diblock copolymer significantly increases the compatibility of the blocks.

For

f

=

0.5, Leibler's theory predicts a second-order

homogeneous disordered

state to the

morphology when

greater than 10.495.

xN is

phase transition from the

ordered alternating lamellar microdomain

However, off-symmetry

phase transitions from the homogeneous disordered

state to

first-order

bcc packed spherical

microdomains, hexagonally packed cylindrical microdomains, and alternating lamellar

microdomains are possible by increasing
at fixed

f.

The preliminary

morphology

is

transition

xN (and hence increasing N or decreasing T)

from the disordered

predicted to always involve

microdomains. Therefore,

first

state to

an ordered

forming bcc packed spherical

in addition to the disorder-order transition, Leibler also

predicts that various order-order transitions are possible. Recent
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SAXS

results

by

Gobran

[33] have demonstrated the existence of an
obdd-lamellar order-order

transition at fixed

f.

WSL phase diagram (Figure 2.10) with Helfand and

Comparison of Leibler's

Wasserman's SSL phase diagram (Figure
differences.

At fixed X N, or

2.9) reveals both similarities

M and T in Figure 2.9, the sequential compositional

dependence of the microdomain morphology
S, increases

from 0

predicted by both theories. While Helfand and
the various

As

similar.

is

to 0.5, spherical, cylindrical,

windows over which

and

f,

or the weight fraction of

and lamellar microdomains are

Wasserman

predict composition

microdomain morphologies may be observed,

independent of molecular weight for a given temperature,
Leibler predicts

microdomain morphology depends upon both
weight of the diblock

dependence
It

is

should be noted that Leibler's
is

the composition and the molecular

same fixed temperature. The molecular weight

at the

particularly noticeable for

order transition. This

that the

X N near (xN) c

or

N

.

WSL theory is only valid near the disorder-

a consequence of the assumption of ideal (Gaussian) chain

behavior in the presence of the local compositional fluctuations which
occur in the
vicinity of the

large

microphase separation

%N, Helfand and Wasserman's theory

diagrams could be merged, where
microphases has some

However,

it

finite

is

low

value and

must be remembered

near 0.5. Currently there

at

While

transition.

is

Leibler's theory

not valid at small %N.

that Leibler's

not a theory which

%N

(SSL) the slope

not valid at

The two phase

%N (WSL) the slope of the

at large

is

line

between the

is infinite.

WSL theory is only valid when f is
is

valid in the

WSL for non-symmetric

diblock copolymers.

Fredrickson and Helfand [78] have modified Leibler's mean-field
to

WSL theory

account for the composition fluctuations that Leibler neglects. For the range of

molecular weights typically encountered

in

block copolymer experiments, such
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corrections are claimed to be significant
transition for f

=

0.5

The

location of the microphase separation

becomes (xN) c = 10.495 + 41.022N"l/3. Therefore

for smaller molecular weights,

(

X N) C

increases and the blocks

become more

compatible. However, this expression for the
fluctuation correction
for

N£

Hence

10 6 which
,

is

much

larger than the typical experimental

for "real" systems, the value of

lower bound. Besides the increase

(

X N) C given by

as expected

is strictly

N value of

the expression

is

valid

10 3

.

actually a

in compatibility, these modifications
also result in

the prediction of a first-order phase transition
rather than a second-order phase
transition, for f

=

0.5,

from the disordered

state to the

ordered lamellar microdomain

morphology. Finally, direct transitions from the disordered
lamellar microdomain morphologies, without

when composition

are predicted

While most of the

AB diblock copolymers,
copolymers
theory to

in the

show

that as the

forming spherical microdomains,

fluctuations are considered.

theoretical

work on block copolymers has been

there has also been

WSL.

first

state to cylindrical or

Olvera de

la

arm number

decomposition point decrease for

all

some work on

star

AB diblock

Cruz and Sanchez [79] have used a mean
increases, the values of

%N

compositions. Hence, for star diblock

further increase the compatibility of the

confirmed the increase

field

at the spinodal

copolymers, linking the ends of the linear diblock copolymers together

et al. [80] has

for linear

A

and

B

blocks.

in compatibility

SAXS work

is

predicted to

by Hashimoto

of PS and PI blocks in a star

versus linear SI diblock copolymer.
In addition to the increase in compatibility,

de

la

Cruz et

al.

asymmetric for

has also predicted that the

ABA

"triblock"

WSL theoretical work by Olvera

X N versus composition diagram

copolymers

in

which the two

A

is

highly

blocks are not of

equal length [81] and for (AB) n star diblock copolymers [79]. Because star diblock

copolymers contain an inner and an outer block, where the inner block

24

is

constrained

at

both ends, differences in the microdomain
morphology diagram for star diblock

copolymers are

to

be expected. As Alward

et al. [29]

have shown, even

at constant

composition, the microdomain morphology also
depends upon the number of arms in
the star and the molecular weight of the arm.
Hence, modification of Leibler's and

Fredrickson and Helfand's

WSL theories is necessary to account for macromolecular

architectures other than linear
effects

AB diblock copolymers.

Once

these architectural

have been properly modelled, then theoretical investigations
of linear triblock

copolymers are also possible.

2.4

Key Morphological

As discussed

in

Descriptors

previous sections of this chapter, incompatibility of the

covalently bonded blocks in a diblock copolymer results in microphase
separation.

The microphase

separation

transition temperature or

may

more

occur upon cooling below the order-disorder

typically, during solvent evaporation

solutions. In the bulk of diblock

from copolymer

copolymer samples, the microdomain morphology

and hence the macromolecular conformations are determined by a number of

These include the chemical species forming

the blocks

crystalline), the values for the block molecular weights

(amorphous or semiand

their ratios to the total

copolymer molecular weight (composition), the arrangement of the blocks
macromolecules

(architecture), the strength of the interaction

and the method used
and any applied

to prepare the

factors.

in the

between the blocks

(x),

sample (solvent evaporation, quench from melt,

fields).

In unannealed solvent cast samples, the use of a preferential solvent perturbs

chain conformations and results in non-equilibrium structures [82]. The solvent
evaporation rate

is

also important since rapid evaporation

25

may

kinetically hinder the

attainment of the equilibrium microdomain
morphology.

Of primary importance

melt prepared samples are the melt
temperature, the holding or annealing
time

in

at this

temperature, the quench temperature and
rate to reach this temperature,
and the
location of the melt and quench temperatures
relative to the order-disorder transition

temperature and the glass transition temperatures
of the blocks.
semi-crystalline, then one

must also consider the location

If

one of the blocks

is

relative to the crystallization

temperature.

Key bulk morphological

may be

seen in Figure 2.1

observed

in the

bulk of

1.

AB

descriptors for linear and star

As discussed

AB diblock copolymers

previously, microdomain morphologies

diblock copolymers include bcc packed spherical

microdomains of the minority component, hexagonally packed
cylindrical
microdomains of the minority component, obdd microdomains of
the minority
component, and alternating lamellar microdomains. The shape of the
microdomains
the

same

as the shape of the

characterized by the

mean

IMDS

between the

curvature.

The mean

A and B

blocks and this can be

curvature, H,

is

defined by:

H-i<K1 + K2)

where Kj and K2 are
curvature. Thus,
bulk,

H^k,

in

ai)

the principal curvatures and

we can

define values for the

R\ and R2

are the principal radii of

mean curvature of

terms of the characteristic size and

/

the

IMDS

in the

or packing of the various

microdomain morphologies.
For spherical microdomains, the mean curvature of the

Hbulk(sph) =

is

IMDS

is

given by:

(2.2)

jj^
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where

R sph is

cylindrical

the radius of the spherical microdomain.

microdomains

H bulk(cyl)

where

=

is

A and B

2R cy l

(2.3)

lamellar microdomains

is

planar,

The value of the mean curvature of the IMDS
morphology

not calculated as easily.

is

[26-28] have modelled the obdd

IMDS

Since the

IMDS

for the

obdd microdomain

As discussed previously, Anderson
as a surface of constant

of a single diamond channel of constant mean curvature, H*,

volume

fraction within a single

H S(

single diamond,

dimensionless

H*

where a sd

=

is

j,

mean

diamond channel. Since

and the double diamond,

curvature

is

mean

is

the

mean

curvature

graphically related to

mean

curvature of the

H 0b ddj are equal and the

(2.4)

diamond network, then

H*
—

the fact that a S(j

al.

given by:

the lattice parameter of the single

Combined with

et

curvature using

H sd a sd

Hobdd =

between the

H bulk (lam) is zero.

a finite element method. Based on the modelling, the
dimensionless

the

for

given by:

Rcyl is the radius of the cylindrical microdomain.

alternating

The mean curvature

(2.5)

= 2a0 xid>
t

il is
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then possible to estimate

Hb u uc (obdd)

by:

H bulk(° bdd)

where H*

is

2a0 bdd

<

obtained from Anderson et

that of the block

or

=

al.

2 6)
-

[26-28] for a volume fraction of one-half

forming the obdd microdomains, and

a^

is

obtained from S AXS

TEM data. A description of how to obtain ao from TEM projections
of the
bdd

obdd microdomain morphology

is

given in Chapter

6.

A second key bulk morphological descriptor is the area per AB junction
the bulk

the

IMDS

between the

A

and

B

blocks, ajbulk

.

along

For S p he rical microdomains of

A block, aj bulk is given by:

k ~ nM
(A
SPH)
"

CT .bulk (

where M(A)
phase,

is

the molecular weight of the

A

(2-7)

block, p

A is the density of the A block

NAv is Avogadro's number, and R spn (A) is the radius of the spherical A

microdomain.

Similarly, for cylindrical microdomains of the

aJ.bulk (A
cyl)
(
y) =

where

3M (A)
p A N Av R sph (A)

Rcy i(A)

is

°i

block:

2M{A}
(2 8)

PANA yRcyl(A)

the radius of the cylindrical

microdomains, aj 011

A

'

A

microdomain.

With lamellar

^ is given by:

™

bulk (a iam)
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where L(A)

the width of the

is

A lamellar microdomains.

microdomain morphology, use of Anderson

et

Finally, for the

obdd

[26-28] graphical relation of the

al.'s

dimensionless interfacial area per unit cell of a single
diamond channel with constant

mean

curvature,

S*

to the

calculation of ajbulk

volume

^

fraction within a single

diamond channel allows

dimensionless interfacial area per unit cell

(2.10)

(a sd)2

For a single diamond network there are four tetrapods per unit

microdomain morphology
is

there

is

only one tetrapod per unit

by the number of A blocks
is

in a unit cell.

obdd) =

s obdd
(aobdd)

and

=

*s

is

then calculated by dividing S
0Ddd

Hence, aj bulk for the obdd microdomain

given by:

hulk / a
a .DulJc
(a

data,

Since a sd

(2.H)

AB junction along the obdd IMDS

where S 0Ddd

cell.

while for the obdd

given by:

is

s obdd = S*(ao bdd) 2

morphology

cell,

equal for the single and double diamond networks. Thus the
interfacial

area per unit cell for the obdd microdomains

The area per

given by:

Ssd

s*=

2aobdd' s *

is

z
J

MA
(

)

(2.12)

^A PA Nav

calculated from S* and

a^dd* aobdd * s obtained from SAXS

®\ is the volume fraction of the A block.
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or

TEM

1

The
is

third

key bulk morphological descriptor which
may be seen

the extension of the blocks

away from

by tbulk(A) and t b ulk (B) for the
minority component, then the

the

A and B

IMDS. The

in Figure 2.

chain extensions are given

blocks respectively. If the

A blocks must extend from the IMDS

A block is the
to the center of

the microdomains. For spherical, cylindrical,
and lamellar microdomains tbulk (A)

uniform along the

IMDS

and

is

given by

For the obdd microdomains, tb ^(A)

IMDS. Based on Anderson
vary by as

much

as

IMDS

is

82 percent

modelling of the

about a

lattice point is

respectively.

IMDS, t bulk (A) may

[83].

A component,

the extension of the

A

B

block away

microdomains. The three-

microdomains can be used

AB diblock copolymer microdomains.

for the

all

A

,

is

not constant but varies with position along the

determined by the packing of the

dimensional packing of the

cell

R sph (A), R^CA), and L(A)/2

et al.'s [26-281

For microdomains of the

from the

is

1

to define a

Wigner-Seitz

cell

In a crystal lattice, the Wigner-Seitz

constructed by drawing lines connecting the lattice point to

the other points in the lattice, bisecting each of these lines with a plane,
and taking

the intersection of these planes to form the smallest polyhedron which surrounds
the
lattice

point [84]. For

morphologies, the

A

block spherical, cylindrical, and lamellar microdomain

lattice points are

The simplest case

is

taken at the center of the

for the alternating lamellar

Because the lamellar microdomains are continuous
cell for

A

microdomain morphology.

two

directions, the Wigner-Seitz

lamellar microdomains only contains two planes along the center of the

lamellar microdomains.

IMDS

in

A microdomains.

and tbulk (B)

is

Hence both t Dulk (A) and t bulk (B)

B

are uniform along the

given by L(B)/2.

A two-dimensional projection of the Wigner-Seitz cell for hexagonally packed
cylindrical

A microdomains is

seen in Figure 2.1

direction along the axes of the cylinders

is

1.

The

projection of the cell in the

a hexagon. Within this hexagon the area
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and hence volume fraction of the cylindrical

volume

fraction of the

the cylindrical

IMDS,

A block in the copolymer.
t

maximum

Although

t^A)

bulk (B varies
with position along the
)

value of tbulk(B) occurs for

while the

A microdomains is identical with the

B

value of

chains extending towar(Js

^

is

uniform along

IMDS. The minimum

sides rf

^ hexagon

M^(B) occurs for B chains extending towards the

corners of the hexagon.

The Wigner-Seitz
a bcc lattice

is

cell for spherical

microdomains of the

a truncated octahedron, which can be seen in
Figure 2.12. Because of

the non-spherical shape of the Wigner-Seitz cell,

spherical

IMDS. The maximum

t^(B) is
B

extension of the

minimum extension

of the

chains occurs in the direction towards the center of the hexagonal
faces of the

truncated octahedron. Comparison of the

maximum and minimum values

block chain extension are given in Chapter

morphology

B

obdd microdomain

the Wigner-Seitz cell cannot be defined by taking points at the center
of

the tetrapods forming the

the

of the

5.

Finally, for the three-dimensionally continuous

obdd channels. The extension of the B chains surrounding

A obdd microdomains is best modelled by considering the surface which equally

divides space between the nearest

IMDS. This

surface [26-28]. Calculations by Anderson et

not uniform along the obdd
t

not uniform along the

chains occurs in the direction

towards the corners of the truncated octahedron, while the

B

A block packed onto

bulk(

A ) and

t

bulk(B)

^

IMDS,

but

not un iform

In addition to the presence of

diblock copolymers
linking junction.

it is

The

may

surface

al.

is

defined by the Schwarz

D

[85] have indicated that tbulk (B)

is

vary by up to 7 percent. Thus, both

ai ong tne

obdd IMDS.

AB junctions

along the

IMDS, with

star

AB

also necessary to consider the location of the central star

central star linking junction

component microdomains

may either lie

within the minority

(see Figure 2.1 1) or within the surrounding matrix phase.
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The inner block of the
the

AB IMDS

star is constrained at

while the other end

For linear

is

anchored

curvature and area per junction.

because each end
extensions,

its

ends.

One end must

attach to

at the central star linking junction.

ABC triblock copolymers, there are three incompatible blocks to

consider. This results in the presence of an

mean

both of

is

AB

and a

BC IMDS, each having its own

The middle B block

attached to one of the two

is

IMDS. There

constrained at both ends
are also three block

^(A), M*(B), and tbulk (C) t0 cons ider for linear ABC triblocks.

With

this

background on the bulk microdomain morphologies and
key

morphological descriptors for diblock and triblock copolymers

in

mind, the influence

of interfacial constraints on the microdomain morphology
and macromolecular

conformations will be discussed

in

Chapter

3.
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Table 2.1

Mole

Fractions at the Boundaries between Spherical
and Cylindrical,
and Cylindrical and Lamellar Microdomain Morphologies

According

to the

Various

SSL Theories

SSL Theory

Cylinders

Cylinders

/

Lamellae

0.2

0.3

& Wasserman

0.1

0.25

0.12

0.28

0.215

0.355

(1988)

0.194

0.35

& Kawasaki (1988)

0.335

0.42

Semenov

& Kawasaki (1986)

Ohta& Kawasaki
Ohta

/

[33]).

Meier
Helfand

Ohta

Spheres

(from Gobran
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Linear

Star

AB

AB

di block

Seemented

Graft

Figure

2. 1

diblock copolymer

AB

AB

copolyme r

diblock copolymer

diblock copolymer

Schematic of the arrangement of A (thinner

line)

and

B

(thicker line)

blocks to form the various diblock copolymer architectures.

34

A

A

SPHERES

CYLINDERS

A, B

increasing

Decreasing

Figure 2.2

B

LAMELLAE

CYLINDERS

B

SPHERES

A - Content
B

-

Content

Molau's [13] original diblock copolymer microdomain morphology as
a function of composition diagram.
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a

obdd

(a)

Figure 2.3

obdd microdomain morphology, (a) Schematic
of the tetrapod repeat unit which forms the obdd microdomain
morphology (Adapted from Thomas et al. [24]). (b) Computergenerated image of the constant, non-zero, mean curvature IMDS
between the minority, obdd forming, and majority component chains.
From Anderson and Thomas [27].
Characteristics of the

36

&ma
PS
Spheres

PS

PS

Cylinders

OBDD

PS,

PI

Lamellae

PI

Pi

OBDD

Cylinders

p

i

Spheres

INCREASING VOLUME FRACTION OF PS

Linear SI diblock copolymers

volume

< 0.17

fraction of PS:

0.17

-

0.28

hex cylinders of PS

0.28-0.34

obddof PS

0.34

alternating lamellae

-

0.62

0.62- 0.66

obddof PI

0.66

hex cylinders of PI

-

0.77

> 0.77

Figure 2.4

bcc spheres of PS

bcc spheres of PI

Revised diblock copolymer microdomain morphology versus
composition diagram. Composition windows for the various

morphologies

in linear SI diblock

of Gobran [33], are also given.
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copolymers, based on results

Figure 2.5

Proposed morphological diagram for PS

-

PI

-

PMMA triblock

copolymers. The dark regions are the PS phase, while the shaded and
light regions are the PI

Riess et

al.

and

PMMA phases, respectively.

[54].
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Adapted from

(a)

(b)

Figure 2.6

Ternary diagrams of the morphology versus composition observed
PS - PB - P4VP triblock copolymers. The casting solvents are
(a)

chloroform and

Kudose and Kotaka

(b) a 9/1

butyraldehyde/chloroform mixture.

[44].
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in

From

Figure 2.7

Schematics of the morphologies proposed for PS - P4VBDMA - PI
triblock copolymers, (a) and (b) are from Shibayama et al. [50], while
the projections

shown

in (c)

and
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(d) are

from Matsushita

et al. [53].

Homogeneous
Disordered StatC

Ordered State

/

IMDS

Figure 2.8

Schematic of the microphase separation process from the

homogeneous disordered

state to the

state.
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ordered microphase separated

Figure 2.9

Microdomain morphology diagram predicted by the SSL theory of
Helfand and Wasserman [65] for SB diblock copolymers. The total
copolymer molecular weight (kg/mol) and weight fraction of PS (S)
are plotted.
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Figure

2.

10

Microdomain morphology diagram predicted by
Leibler [76].
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the

WSL theory of

Figure

2. 1 1

Schematic showing the key bulk morphological descriptors for linear
and star AB diblock copolymers exhibiting A cylindrical
microdomains.
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Figure

2.

12

Wigner-Seitz

cell for

Ashcroft and

Mermin

bcc packed spherical
[84].
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A

microdomains. From

CHAPTER 3

MICRODOMAIN MORPHOLOGY AND

MACROMOLECULAR

CONFORMATIONS OF BLOCK COPOLYMERS

IN THE

PRESENCE

INTERFACIAL CONSTRAINTS

This chapter

is

divided into five sections. After
discussing the importance of

the surface of block copolymer
samples, a brief description of the
relevant

thermodynamic surface variables
morphological descriptors
the theoretical

work on

in the

is

given in Section

3.1.

Section 3.2 defines the key

presence of interfacial constraints.

A discussion of

the influence of interfacial constraints
on block copolymers

presented in Section 3.3. Surface analysis
techniques which

block copolymer samples are described in
Section

3.4.

may be used

is

to explore

Section 3.5 reviews previous

experimental investigations of the influence of
interfacial constraints on the

microdomain morphology of block copolymers.

3.1 Introduction

While the microdomain morphology and macromolecular
conformations

in the

bulk state of block copolymers have been the subject of numerous
experimental and
theoretical investigations during the past four decades, the influence
of interfacial

constraints

on the morphology and conformations has received considerably

attention. This is quite surprising in light of the fact that block

commonly used

in

commercial applications which rely on
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less

copolymers are

their interfacial structure

and properties. For example, the

interfacial characteristics
of block

copolymers are

important for their design and application
as adhesives [86] and
biomedical
devices [87].

Use of block copolymers

as pressure sensitive, hot melt,

and contact adhesives

requires a fundamental understanding of
the composition and microdomain

morphology

in the

bulk and at the interface with the adherend.

A good adhesive

requires both high adhesive strength as well
as high cohesive strength. Block

copolymers containing PS and PI or
unsaturation in the PI or

PB

PB

fulfill

phase can act as a

both of these requirements. The
site for

chemical bonding

to the

adherend, while at room temperature the glassy PS
microdomains act to reinforce the
elastomeric PI or

PB

matrix. In conventional adhesives, a hardening
step

to provide cohesive strength.

Block copolymers do not however require

is

necessary

this step

and

are therefore easier to process.

As biomedical

devices, polypeptide containing block copolymers have
been

used as antithrombogenic membranes and coatings in surgical
prosthetic devices

because of their microheterophase structure

upon the type of blocks used,

it is

[87].

While

tissue compatibility depends

the size and shape of the microdomains formed at

the external surface that control platelet adhesion, although the

understood. Hence the surface morphology

region which

is in

is

mechanism

is

of extreme importance since

not yet

it is

this

direct contact with the blood.

Besides these two examples, modification of surface properties such as

reduced

friction,

improved gloss and

improved mold release has led

feel,

improved

electrical properties,

to a recent interest in surface

For any given material, the atoms or molecules

morphology

and
[88].

in the surface region

experience different intermolecular forces than the atoms or molecules

in the

the material. Therefore the total energy of the system containing a surface
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is

bulk of
different

than the total energy of the same
system which does not contain
a surface. Adopting
the notation of Cherry
[89], one can then define the surface
Helmholtz free energy,
A<J, in terms of the
total internal

Helmholtz

Aa

Helmholtz free energy, A, and the

free energy in the absence of a
surface,

=

total internal

aP, by:

A AP
.

Since surface quantities are associated with
a certain area of surface, Q, the
specific
surface Helmholtz free energy, also

a<*

=

known simply

as the surface energy,

Q

The

surface tension

surface area.

given by:

(3.2)

The other more frequently used thermodynamic
y.

is

Upon

variable

is

the surface tension,

defined as the reversible work necessary to create a unit

is

increasing the surface area by dft, the total

work done must be

equal to the increase in the Helmholtz free energy and thus:

ydQ = dA°
(3.3)

From Equations

3.2 and 3.2

y = a° +

it is

possible to derive the relation

da a

fi

(—

( 3.4)

)

Based on Equation 3.4
a a , are not necessarily equal.

it is

The

seen that the surface tension,
surface tension
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is

y,

and surface energy,

defined by the change in

Helmholtz free energy of the whole system
when the surface area
the surface energy

when

is

is

increased, while

defined by the change in Helmholtz
free energy of the surface

the surface area

is

increased. For liquids

eg)

surface tension and the surface energy
are equal.

is

usually zero and therefore the

However for

solids,

when

the

surface area increases the surface density
of atoms or molecules changes, hence
is

(—

not equal to zero and thus the surface tension
and surface energy are different. In

this dissertation, the surface tension,
rather

While any material
the region influenced

will therefore

than the surface energy, will be discussed.

have a surface tension and surface energy,

by the presence of a surface

materials than for small molecule systems.

will

be larger for polymeric

The three-dimensional Gaussian

coil

conformations of macromolecules in the bulk must somehow
rearrange themselves to

accomodate the two-dimensional boundary imposed by

the surface. This results in a

decrease in the number of conformations available to the
macromolecules and thus
there

is

an entropic penalty

in placing the

macromolecules

at the surface.

of the entropic penalty for small molecule systems and polymeric
systems

Comparison
is

given by

noting the thermodynamic relation of the entropy of surface formation
per unit area

AS a

constant volume,

AS" =

-

,

to y.

According

Wu [90]:

to

8

For small molecule liquids

(3.5)

dy
-

jj;

is

about 0.1 milliNewtons per meter per degree

Kelvin (mN/m°K), while for polymers the value

The smaller value

at

is

approximately 0.05

mN/m°K

[90].

for polymeric materials therefore reflects the smaller decrease in

49

the

number of states

available to macromolecules in the
presence of a surface

constraint.

Ideally the

polymer molecule would

like to maintain its bulk density
in the

presence of a surface. However, the density of
the polymer must decrease to zero

approaching the surface. Thus for polymers, knowledge
of the density profile

in

in the

surface region, including the characteristic width
of the profile and the conformations

of the macromolecules,

Theodorou
structure and

melt

of interest.

[91] has used a variable-density lattice

thermodynamic properties

/ solid interfaces.

homopolymer

at

Based on

a free surface

nanometers (nm)
surface

is

at free

model

to predict the

polymer melt surfaces and polymer

his calculations, the density profile of a

was found

to

be sigmoidal and approximately 1.5

thick, independent of molecular weight.

In addition, the outer

was composed of sparse, perpendicularly oriented chain ends with a

of chains beneath

this region.

flattening

At a depth of roughly one root-mean-square end-to-end

distance, the regular, unperturbed chain conformations were recovered.
Theodorou's

model also successfully captured
the

homopolymer

empirically

the molecular weight and temperature dependence of

surface tension.

known

The

surface tension of a

to scale with the two-thirds

homopolymer

is

power of molecular weight, M,

according to [90]:

' " *"f " "^2/3

In this equation

ym f is

constant. Typical

(3-6)

the surface tension at infinite molecular weight and

values indicate that y

for molecular weights greater than

is

smaller than

ym f by

3000 grams per mole (g/mol)
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is

less than

[90].

The

1

a

mN/m

surface

tension of a

homopolymer has

temperature according

Y(T) = Yo

where y0
polymers

is

also experimentally been

shown

to decrease with

to:

-BT

(37)

the surface tension at

T = 0 °K and B

is

approximately 0.05 mN/m<>K for

[90].

Block copolymers are a

logical extension of the

focus of this dissertation. For an
species to consider. In a two

AB

homopolymer

studies

and the

diblock copolymer, there are two different

component system

the

component with a lower surface

tension should preferentially segregate to the surface. However,
for an

AB diblock

copolymer, the two components are covalently bonded together. Therefore,
the blocks segregates to the surface, then the chains at the surface

if

one of

now have some

anchoring from below due to the covalently bonded, higher surface tension, second
block. If the block copolymers undergo microphase separation then there

preferred area per junction along the

AB IMDS

which

is

also a

will influence the

conformations of the lower surface tension block chains

at the surface.

The

preference for the lower surface tension block at the surface, coupled with the

known

bulk immiscibility of the two blocks suggests that the physics which govern the

microdomain morphology and macromolecular conformations of block copolymers
the bulk need further consideration

when

a surface constraint

In the next section of this chapter, the

comment on

present.

key morphological descriptors for the

microdomain morphology of block copolymers
constraints will be proposed.

is

in

in the vicinity of interfacial

Measurement of these

descriptors will allow one to

the perturbation of macromolecular conformations at an external surface,

such as Theodorou [91] has described.
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3.2

Key Moiphological

Descriptors in the Presence of Interfacial
Constraints

The presence of an

interfacial constraint necessitates
consideration of several

other variables, besides those discussed in
Section 2.4,

when

discussing the

microdomain morphology and chain conformations of
block copolymers. One
extremely important variable

and each of the blocks
material

may be

in the

air, in

surface tensions of the

which case the

is

the interfacial tension between the interfacial
material

copolymer. As can be seen in Figure

which case the

two blocks, or

interfacial tensions

yjy^ and 7fc/air are the

the interfacial material

interfacial tensions are given

block with the lower interfacial tension

is

3.1, the interfacial

may be

by YA/sub and ye/sub-

a substrate, in
general, the

expected to segregate to the interface.

Besides the enthalpic contributions which seek to minimize the interfacial
energy by
placing the lower interfacial tension block at the interface, the entropic
penalties for

block copolymers associated with the interfacial segregation of the lower
interfacial
tension block must also be considered. Whether the lower interfacial tension
block

can segregate

to the interface will likely

depend upon the molecular weight of the

block, the composition of the copolymer, and the architecture of the copolymer.

A schematic representation of the compositional and architectural effects for
AB diblock copolymers at the polymer / air interface may be seen in Figure 3.1.
linear

AB diblock copolymer containing a low volume fraction of the lower surface

tension

of the

B

B

block, the entropic penalty associated with the formation of a surface layer

block

polymer /

may

For a

may outweigh

the enthalpic energy gained

air interface (external surface).

block to the surface

is

B

block

at the

likely to be

the

The importance of copolymer

also be seen in Figure 3.1. In the case of star

lower surface tension

by placing

core of the

B

block

at the

architecture

AB diblock copolymers having the

star,

the segregation of the core

B

even more entropically unfavorable for copolymers
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with low

B

content.

The number of diblock arms

in the star, n,

should also have a

significant influence since overcrowding
at the core of the star results
for larger n.

When discussing the entropic penalty in placing chains at
relative entropic penalty that is important.
In the star

inner

B

diblock macromolecule, the

B homopolymer chains at the external

also necessary to consider the

mean

interface, the

in Figure 3.1) is dictated

B

mean

curvature of a lower

by the mean curvature of the

block there must be a phase rich in the

y block

A block.

IMDS

A and B

blocks.

at the substrate is defined as

morphology

area per junction along the

By comparing

H sub (B

Thus, one end of the

sph), since the bulk

AB IMDS

B

AB IMDS

B

because of

AB

microdomain

block in Figure 3.1. In addition, the

near the substrate

H sub to H bulk and Oj sub to Oj bulk

effect that the interfacial constraint

A

interfacial layer

The mean curvature of this underlying

spherical microdomains of the

is

interfacial layer

substrate, H(sub). If the

blocks in the interfacial layer must be attached to the underlying
the connectivity of the

it is

curvature of the interfacial constraint. At the

and B blocks have undergone microphase separation, then above the
of the

B

surface.

Besides variables involving the characteristics of the
block copolymer,

(B

to

so that the entropic penalty in placing the
chains at the surface

than that for placing

copolymer / substrate

the

it is

block chains have already lost a considerable
amount of entropy, relative

homopolymer chains,
is less

AB

the external surface,

it is

is

defined as Oj SUD (B sph).

then possible to determine the

imposed by the substrate has on

the conformations

of the macromolecules.

At

the external surface the

rigidly fixed.

surface

is

curvature of the outer surface, H(surf),

the external surface area

all zero.

may be

If there is

a surface layer of the

influenced by the

mean

B

Kj and K2,

not

as well as

block then the actual value of

curvature of the underlying
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is

and surface energy, a planar

expected where the principal radii of curvature,

H(surf) are
H(surf)

To minimize

mean

AB IMDS, H sur

f.

The value of H surf is

in turn influenced

by the type (A or B), shape (H
bulk ), and

orientation {hkl} of the underlying microdomains.
In order to discuss

macromolecular conformations are perturbed
constraint, the area per junction along the

in the

how

the

presence of an external surface

AB IMDS

in the surface region, a;Surf

must also be defined.

When discussing the mean curvature of the IMDS
the bulk

and

sign of the

IMDS
block.

is

in the near-surface region,

mean

curvature.

it is

along the microdomains in

necessary to adopt a convention for the

The mean curvature

is

chosen to be positive when the

concave towards the center of the microdomains of the lower
surface tension

Hence

in Figure 3.1,

The extension of the

H bulk (B

sph)

is

positive.

A and B block chains away from the IMDS, in the

presence of an interfacial constraint with a given mean curvature, must
also be
defined. In order to facilitate this definition, a near-surface
Wigner-Seitz cell can be

AB diblock copolymer containing

constructed. Figure 3.2 shows such a cell for an

hexagonally packed cylindrical microdomains of the

B

block in the bulk and having

the axes of these cylindrical microdomains parallel to the external surface. In
addition, a

(Hirr 1 )

is

B

block surface layer with H(surf) =

present.

Measurement of t bulk (B) and

allows one to directly

comment on

B

A chains from the IMDS

along the

IMDS. There

Wigner-Seitz

surf(B), as defined
in Figure 3.2,

on

block chains.

A block, the chain extension away from the IMDS is not constant in

the near-surface or bulk Wigner-Seitz cells.
the

t

the influence of an external surface constraint

the macromolecular conformations of the

For the

H surf(B cyl) = 0 inverse micrometers

cell.

is

As seen

in the near-surface

in Figure 3.2, the extension of

Wigner-Seitz

cell varies

with position

actually a distribution of t surf(A) values in the near-surface

Comparison of the maximum, t sur^(A) max and the minimum,

tsurf^min^ values of the

,

A block chain extension from the IMDS
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with those in the

bulk, tbulk (A) max

and tbulk (A) min permits examination of the
influence rf an

external surface constraint on the
macromolecular conformations of the

A block

chains.

A final morphological descriptor which needs consideration is the thickness

of

the block copolymer sample. In the case of
external surface studies, where the film

thickness

is

on the order of

1

mm, this descriptor is really

four orders of magnitude

larger than a true morphological descriptor such
as the chain extension

IMDS

(~ 10 nm).

However when

air

and copolymer / substrate

important in films whose thickness

copolymer's radius of gyration.

is

is

a morphological descriptor.

interfacial constraints are

on the order of only a few times the block

If there is a driving force to

tension block at both interfaces, then one has to consider

microdomain morphology

3.3

is

the

the film thickness is similar to the dimensions of

the bulk Wigner-Seitz cell, then film thickness truly

Both the copolymer /

away from

place the lower interfacial

how

the interior

accomodated.

Theory of Block Copolymers

in the

Presence of Interfacial Constraints

While there has been considerable

theoretical

work on

the microphase

separation and microdomain morphology of block copolymers in the bulk, there has

been very

little

theoretical

work on

morphology of such materials
theoretical

works

to date

the microphase separation and

microdomain

in the vicinity of interfacial constraints.

The only two

have dealt mainly with the presence of a surface layer of the

lower surface tension block and the resulting surface composition profile such a layer

would

create.

In a brief paper

by Gaines

the lower surface tension species,

[92], the presence or

B

in

an

AB
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absence of a surface coating of

diblock copolymer,

is

stated to

depend

on the spreading

coefficient,

between yA and

(

blocks and

is

B

YAB

yb + TAB

S B/A
)»

.

S B/A should have been defined as
the difference

where YA and 7b are the surface tensions
of the two

the interfacial tension associated with
the

IMDS

between the

A and

microdomains, so that a positive spreading coefficient
implies spreading will occur.

when yA

Therefore,
the other.

I

While

this

-

yb

I

is less

than

YAB

"thermodynamic"

,

neither

component can completely wet

criteria for liquid spreading helps interpret

experimental data on some block copolymer systems,

block characteristics, the
conditions,

all

x parameter

for the

it

neglects factors such as the

two blocks, and

the sample preparation

of which influence chain conformations and hence
the surface

morphology and composition.

A theoretical model based on the WSL regime has been employed by
Fredrickson [93] to compute the equilibrium composition profile
of a symmetric
diblock copolymer in the direction normal to the surface. His
model suggests that

even

at

temperatures above the bulk microphase separation transition
temperature,

where the diblock
affinity for

is

is in

a

homogeneous disordered

one of the two blocks gives

exponentially

damped

rise to

in the direction

state,

a surface with preferential

an oscillatory composition profile that

normal

to the surface. Connectivity of the

blocks and the assumption of lamellae parallel to the external surface accounts for the
predicted oscillatory composition profile. Recently, neutron reflectivity results by

Anastasiadis et

al.

[94] have confirmed the oscillatory nature of the surface

composition profile

at

temperatures

when

the bulk

is

disordered. Finally, Fredrickson

considers the ability of the surface to modify the enthalpic interactions between

monomers and

suggests that various types of surface phase transitions are possible.

Although some of the predictions of Fredrickson have been experimentally
observed, further extension of this work

is

necessary. For instance, as theoretical

studies of the bulk have indicated, molecular weights typically used in experimental
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studies justify the need for modification
of the
effects.

WSL theories to include fluctuation

Secondly, consideration of copolymers
having microdomain morphologies

other than alternating lamellae oriented
parallel to the external surface
In order to extend the theoretical

microdomain morphologies
microdomains

work of this

3.4 Block

work of Fredrickson

in the bulk,

one needs

in the near-surface region.

to

to

is

necessary.

samples containing other

know

Such knowledge

the orientation of these
is

one of the aims of the

dissertation.

Copolymer Surface Analysis Techniques

The goal of this
have been used

section

is to

very briefly discuss some of the techniques which

to investigate the surface of block

copolymer samples. For more

detailed information on the specific techniques discussed,
as well as those not

discussed, the reader

is

referred to references [89,90,95-98] which include surface

analysis techniques applicable for polymers and other materials.
Techniques used to
investigate the surface composition and

morphology of block copolymers

will

be

divided into four categories. These include contact angle and surface tension

measurements, spectroscopic analysis techniques,

microscopy techniques. Specific

reflectivity techniques,

details concerning the use of these techniques to

analyze various block copolymer systems will be discussed in Section

3.4. 1

and

3.5.

Contact Angle and Surface Tension Measurements

Most of the
copolymers and

early investigations of the surface composition of block

their blends with

homopolymers

relied

on the determination of the

surface tension of the sample. Comparison of the surface tension of the copolymer or
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blend with the surface tension of the
corresponding homopolymers was used
to

comment on

the surface composition. In a
multicomponent system the components of

lower surface tension should preferentially
segregate

been recognized

in industry

and has been exploited

by adding species which migrate

to the

and Gaines and Bender [100] showed

polymer

that

to the surface.

to

This fact has long

modify the surface properties

surface.

Owen and Kendrick

[99]

even low concentrations (0.05-5 weight

percent) of block copolymers containing a low
surface tension poly(dimethylsiloxane)

(PDMS)

block will concentrate

at the surface

when mixed with homopolymer of the

higher surface tension block in the copolymer.
Recent work by Shull et

has noted that

when block copolymers

homopolymer matrix phase,
tendency to segregate

The surface

the block

are

al.

[101,102]

mixed with a high molecular weight

copolymer also forms micelles which have a

to the free surface.

tension of a block copolymer or a blend can be investigated
by a

variety of techniques.

Depending upon the

state of the material, liquid or solid,

different experimental techniques are used. For block
copolymers in the solid state,

the surface tension cannot be

measured

directly because formation of the surface

is

not a reversible process. In Chapter 5 of his book on polymer interfaces
and adhesion,

Wu

[90] discusses

some of the

indirect

methods

that are

commonly used

the surface tension of solid polymers. These include: the liquid

to estimate

homolog (molecular

weight dependence) method, the polymer melt (temperature dependence) method, and
the critical surface tension method.

The

first

two techniques actually involve making

surface tension measurements on a series of liquid samples at sufficiently high

temperatures or low molecular weight. Using empirical relations for the dependence

of surface tension on molecular weight and temperature (Equations 3.6 and
surface tension of the solid polymer

molecular weight or temperature of

is

3.7), the

then obtained by extrapolating to the actual

interest.
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These

first

two methods are known

to

give consistently reliable results but
corrections for changes in the
material at the glass
transition

and crystallization temperature must
also be considered.

The most commonly used
solid

polymer

is

indirect

method

to estimate the surface tension
of a

the critical surface tension method.

Fox and Zisman [103-105] were

the first to propose the idea of a critical
surface tension.
angle, 0, of a

homologous

series of testing liquids

By

measuring the contact

on a given

solid, a straight line

was

obtained for plots of cos 0 versus the surface
tension of the testing liquid. The
intercept of this straight line at cos 0

Measured values of yc vary with

=

1.0 is defined as the critical surface
tension,

the nature of the testing liquid

and

surface tension of

PS

which can be used

to

is

33

mN/m

mN/m at 20 <>C,

[90]. Further details

.

in general are

smaller than the actual surface tension. For example,
the surface tension of PS

estimated by the polymer melt method to be 40.7

yc

while the

is

critical

on the experimental methods

measure the contact angle of a liquid on a

solid

polymer are

given in reference [90].

Besides measuring the contact angle to determine the surface tension
of solid

polymers, as mentioned before

it is

also possible to

measure the surface tension of

polymer liquids and melts. Any of the techniques which have been developed

for

low

molecular liquids can be applied for polymer liquids and melts. However, because of
their high

molecular weights and viscosities, the rate of equilibration

problem for polymers than

One of the
is

is

more of a

for small molecule systems.

simplest and most reliable techniques for polymer liquids and melts

the pendant drop method.

The experimental apparatus and procedures

these measurements are described by

Wu [106].

At hydrostatic and

to

perform

interfacial

equilibrium, the profile of a pendant drop has been described by an equation of
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Bashforth and

Ap g

7 =

where Ap

Adams

[107,108].

surface tension

is

given by:

(dc)2

H

is

(3.8)

the density difference of the drop and
the surrounding

gravitational acceleration,
de

H is

The

is

the equatorial or

where d s

is

is

the

maximum diameter of the drop, and

the correction factor determined by the
shape parameter

Xs =

medium, g

Xs ,where

Jl

s

is

given by:

£s

^

(3.9)

the horizontal diameter at a distance dg from the
bottom of the drop.

Numerical solution of the equation of Bashforth and Adams yields
tabulated values of
1/H versus X s [108]. Therefore, knowledge of the two diameters
and densities allows
for calculation of the surface tension, provided equilibrium
has been reached.
In addition to the pendant drop method, several other techniques

may

used to measure the surface tension of polymer liquids and melts. Further
concerning these methods

may be found

in

few Angstroms),

are extremely surface

their ability to characterize the surface

and morphology of block copolymers

is

details

Chapter 8 of Wu's book [90].

While contact angle and surface tension measurements
sensitive (first

also be

extremely poor.

It is

composition

relatively easy to

experimentally measure contact angles and surface tensions of a block copolymer

sample and of homopolymer samples of the individual blocks. However,
interpretation of the results of such experiments

is

not so straight forward. Since the

surface tension depends upon molecular weight, precise experimental studies would

compare the surface tension of an

AB diblock copolymer with the surface tensions of
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A and B

homopolymers which have

the

same molecular weights

as those of the

corresponding blocks.

Even

direct

comparison with similar molecular weight
homopolymers cannot

positively characterize the composition
of block copolymer surfaces.
indicates, the experimentally

homopolymer

is less

As Equation

3.6

measured surface tension of a low molecular weight

than that of a chemically identical high
molecular weight

homopolymer. In a blend of the two homopolymers, one
therefore expects surface
segregation of the lower molecular weight homopolymer.
Recently there has been

some experimental work aimed
compare chemically

at testing this prediction. Ideally,

identical species

which

one would

like to

differ only in molecular weight, but

experimentally one needs a contrast mechanism to differentiate
between the two.
Deuteration has
effect

commonly been employed

since

on the polymer properties. Composto

it is

thought to only have a small

et al. [109]

low molecular weight homopolymer by neutron

demonstrated segregation of a

reflectivity studies in blends of

low

molecular weight deuterated PS (d-PS) and high molecular weight
hydrogenous PS
(h-PS).

However,

fact that

d-PS has also been shown

PS of nearly

direct

comparison

to the previous prediction is

to migrate to the surface in a

identical molecular weight [1 10].

Thus d-PS has a

complicated by the

blend of d-PS and hslightly

lower surface

tension than h-PS.
In order to understand the difference in surface tension of chemically identical

low and high molecular weight homopolymers,
macromolecule

at a surface

surface are identical.

entropic penalty,

i.e.

the entropy loss in placing the

must be considered since

the enthalpic interactions at the

A lower molecular weight homopolymer will suffer less of an
the limitation of the

number of accessible conformations

in the

presence of a surface, than a higher molecular weight homopolymer. In a binary

blend of the low and high molecular weight homopolymers, the only perturbation of
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the chain conformations
in a binary

any

is

that

due

to the surface.

For chemically dissimilar polymers

blend one also has to consider the immiscibility
of the two polymers and

effects this

may have on

the conformation of the chains in
the near-surface region.

With two immiscible polymers which

are

now

covalently bonded together,

i.e.

a diblock copolymer, the conformations of
the individual blocks in the bulk

microphase separated

state are perturbed relative to a

Gaussian

coil.

Thus, in the

presence of a surface constraint there are perturbations
due to the linking together of
the

two incompatible polymers and perturbations due

to the surface constraint that

must be considered. Therefore, comparison of the surface
tension of an

AB diblock

copolymer having a planar surface layer of the lower surface
tension B block (and an
underlying layer of the covalently attached

A

homopolymer of identical molecular weight
of the

B

block) and the surface tension for a

is

of interest. Since the covalent bonding

block to the underlying, microphase separated,

the conformations of the

B

block, one

B

A

block

is

known

would not necessarily expect

exact same surface tension, even though the species at the surface

is

to

to perturb

measure the

chemically and

physically identical.

The

fact that the surface tension

measured for a block copolymer sample

identical to that of the lower surface tension block in the

necessarily

mean

that the surface is

copolymer does not

composed of a mixture of the two

blocks.

Therefore, comparison of surface tensions for block copolymers and the

corresponding homopolymers cannot precise the near-surface composition and

morphology of block copolymers.
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is

not

3.4.2 Spectroscopic Analysis Techniques

Discussion of the spectroscopic analysis
techniques which have been applied
for the characterization of block

copolymer surfaces

will be divided into three

categories based on the type of incident
excitation used to probe the specimen.
first

technique to be discussed, attenuated

total reflectance infrared

The

(ATR-IR)

spectroscopy, employs infrared radiation, while
the second technique, X-ray

photoelectron spectroscopy (XPS) also
analysis

(ESCA),

relies

known

as electron spectroscopy for chemical

on incident x-rays. The remainder of the techniques

be

to

discussed include secondary ion mass spectrometry
(SIMS), ion scattering

spectroscopy (ISS), and forward recoil spectrometry (FRES)
which

Rutherford backscattering spectrometry (RBS). These

beams

last three

is

a variation on

techniques

all

use ion

as the incident source.

Infrared spectroscopy has proven to be a very valuable
technique for

characterizing the chemical and physical nature of macromolecules.

polymer surface

By

in intimate contact with a high refractive index optical

been shown possible

to obtain a reflected absorption

placing a

element

it

has

spectrum of the near-surface

region [111-1 14]. Thus, the infrared spectrum of the surface can be measured
without
interference

from the bulk of the

material.

While early methods were

inefficient with

the use of the output signal and had typical sampling depths of 1-5 (im [1
14],

newer

instruments employing Fourier transform infrared (FTIR) spectroscopy provide

higher signal-to-noise

ratio.

The use of high

much

refractive index optical elements allows

for higher internal reflection angles and allows for a reduction in the sampling depth.

Therefore, typical estimates place the probe depth in the range from 50 to 1000 nm.

Although ATR-IR spectroscopy can provide valuable information on the
chemical and physical nature of the macromolecules without the need for high
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vacuum

operating conditions, because of the large
probe depth

it

has not seen

widespread application as a technique for
characterizing the surface of polymers.
This
is

particularly true for block copolymers

where the microdomain

size is only

on the

order of a few tens of nanometers. The
large area, 0.5 to 10 square centimeters
(cm*)
[1 15],

covered by the incident radiation also results in
poor

the near-surface composition

is laterally

homogeneous and

lateral resolution.

Unless

the domains are larger than

50 nm, the technique does not allow for the determination of
near-surface
microdomain morphology of block copolymers

.

The development of XPS was a major breakthrough
polymeric materials.

By measurement of the

in the surface analysis of

binding energies of photoelectrons

ejected during interactions of a monoenergetic

beam of soft x-rays with

the material,

detailed aspects concerning the structure and bonding in
the surface region of

polymers

may

approximately

be explored [98,1 16,1 17]. The probe depth
1

to 10

nm and depends

upon the mean

in

XPS

varies

from

free path, X, of the emitted

photoelectron and the photoelectron take-off angle, 6, relative to the
surface normal.

As can be

seen in Figure 3.3,

depth, d, decreases according

when 6

is

increased from 0°, the effective sampling

to:

d = X cos 9

because

X is

(3.10)

fixed for a given material and x-ray

for different elements in a

polymer using a

beam conditions. Typical

values of

Mg Ka excitation and assuming a polymer

density of 1.2 g/cm 3 can be seen in Table 3.1. Thus one can enhance the surface
sensitivity of

XPS

X

and depth-profile the composition of a sample by performing

angle-dependent studies.
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XPS
bonding

can be used to provide information
on the surface composition and
the

states of

most atoms

in the near-surface region
but there are

associated with the technique.
Although the depth resolution in

(~ 5.0 nm), the lateral resolution

is

XPS

some

limitations

very good

is

extremely poor. Conventional
instruments collect

spectra from areas of a few square
millimeters, while selected-area
instruments can

reduce

by a factor of one hundred. For block
copolymers with microdomain

this area

dimensions on the order of a few tens of
nanometers, the depth resolution
acceptable but the lateral resolution
prohibits

comment on

microdomain morphology, unless the composition
angle-dependent

XPS

is

is

the near-surface

laterally uniform.

studies to depth profile the specimen
also has

The use of

some

limitations.

For rough surfaces and powders there may
be shielding of the incident x-rays and
emitted photoelectrons, as well as variation
of the x-ray angle of incidence and the
photoelectron take-off angle across the sample.
Thus for samples which are not near-

atomically

flat,

particularly true for

interpreting angle-dependent

SIMS

is

XPS

a technique which

the limitations of

XPS

polymer samples, care must be taken when

results.

is

claimed to have the potential

in the analysis of

polymer surfaces [119].

than or equal to 4 kili-electron Volts (keV), primary ion
neutral and ionized atomic and polyatomic particles

beam

is

A

overcome

low energy,

all

of

less

used to sputter

from a surface

the secondary ionized fragments are detected using a

to

into

vacuum where

mass spectrometer.

In order to

minimize sample damage during data acquisition, the primary ion beam must
have a
current density of less than or equal to

This

is

1

nanoAmp per square

achieved by using a large-diameter defocused

focused

beam over

the surface.

electron microscopy

problem and

is

(SEM) and

The

static

rastering technique

allows

SIMS

beam

or by rastering a

analogous to scanning

imaging. With polymers, charging

reduced by electron-neutralization, as
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is

centimeter (nA/cm 2 ).

in

is

a

XPS. Typical minimum beam

diameters are approximately
30
liquid metal

m

from a noble gas ion source and
0.5

(Ga+) ion source [119]. While the

minimum beam diameter, two

lateral resolution is

factors limit this resolution.

density of the neutralizing electron

beam must

diameter decreases, a probe diameter
which

is

^m from a

given by the

Because the current

increase as the primary ion

beam

too small will result in
decreased signal

or ion emission. Also smaller
probe diameters and hence higher
current densities
result in localized

The depth

beam

heating of the sample and too rapid
a rate of sample damage.

SIMS

resolution in

is

dependent upon the operating conditions.
In

order to be able to detect elements in
the parts per billion range and below,
high

primary ion beam fluxes are required which
remove a number of monolayers per
second. Such conditions are

known

as

dynamic SIMS and are not

analysis since the depth resolution in ideal
systems
[120].

Coulon

dynamic SIMS

et al. [121]

is

ideal for surface

only on the order of two

claim a depth resolution of approximately 12.5

investigations of block copolymers.

nm

nm for their

However, dynamic SIMS

is

useful for depth profiling studies.

With lower primary ion beam
1-2 atomic layers

spectroscopy
offers

more

A
the

same

is

may be

known

fluxes (~

1

nAW), sampling depths of only

obtained and the resulting surface sensitive mass

as static

SIMS

[122].

Of the two

potential for the investigation of block

technique which

copolymer

frequently coupled with

is

excitation source and

vacuum system,

is

types of

SIMS,

static

SIMS

surfaces.

SIMS, because they can share

ion scattering spectroscopy (ISS).

This surface analysis technique samples an extremely small depth (0.3-0.5
nm) and
gives direct information on the composition and structure, and indirect information
on
the molecular orientation and

morphology

ISS, a monoenergetic noble gas ion

beam

of the scattered ion (lOOeV

is

-

2keV)

in the near-surface region [123,124].

is

scattered

In

from a surface where the energy

dependent upon the atomic composition of the
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surface.

Based on the laws of conservation of
energy and momentum, the energy
of
the ,on after scattering,
E, is related to the energy of the ion
before scattering, E ,
0
,

via:

5i _
=
E0

where

M

{

2
l

.

(M 1+ M 2 )2

m

}{c0s9 +

,Mi2

^M

sin2e) 1/2

2

(3.H)

}

2

M 2 are the masses of the incident ion and the surface atom and 0

and

i

M

.

scattering angle.

One

has the primary ion

practical ISS system,

beam perpendicular

known

and employs a fixed scattering

angle of approximately 1420. The extreme
surface sensitivity of ISS

high probability of neutralization of the noble
gas ions. Almost

hence are not detected. Typical
hence

this

poor

first

the

as the cylindrical mirror analyser,

to the target

penetrate further into the sample than the

is

all

is

due

to the

of the ions which

layer are unable to scatter as an ion and

lateral resolution is

approximately 10 urn for ISS and

lateral resolution again limits its applicability
to investigate the near-

surface morphology of block copolymers.

The

final spectroscopic technique to

be discussed, FRES, also

relies

on

measuring the energy distribution of ions scattered from the surface.
However for

FRES

the incident ion

beam energy

(3.0

approximately

is

MeV)

15<>

typically a helium ion,

He 2 +,

with a

much

larger incident

and the incident and scattered ion beam angles are

and 30° respectively [125,126]. Although
,

suitable for diffusion

[125-127] and surface and interfacial segregation [101,102] experiments, the poor

depth (< 80 nm) resolution and surface area covered by the beam (~

1

cm 2 ) make

this

technique unsuitable for the investigation of block copolymer surfaces.

Table 3.2 summarizes the depth and surface area probed by the incident beam
for the various spectroscopic surface analysis techniques. Although
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many

of the

techniques offer extremely small
probe depths and hence claim to
offer excellent

depth resolution, their applicability
to the study of the surface
morpholgy of block

copolymers

is

hindered because of the large surface
area probed. In order for the

various depth resolutions to be
accurate, the sample must also be
laterally uniform to

±x

nm, where x

nm

difficult to achieve

More

is

the depth resolution of the
technique employed. This

over

1

cm 2

or

1

significant to the near-surface

lateral resolution

mm2

^

is

even by spin . casting

morphology of block copolymers

is

the poor

of the techniques. However, they do
provide excellent sensitivity to

the chemical elements and bonding
environments of these elements in the
near-surface
region.

3.4.3 Reflectivity Techniques

One
copolymers

of the most recently developed surface analysis
techniques for block
is

neutron reflectivity (NR). Most of the early work
on the reflectivity

technique involved x-ray reflectivity (XR) rather than
that of neutrons [128-130].

Both

XR and NR offer unique opportunities to study polymer surfaces and interfaces

because of their excellent depth resolution (~
nature. In both cases, a collimated

angle 0 and the reflected intensity

beam

is

is

1

nm

[131]) and their non-destructive

incident

measured

at

upon the sample surface

at

an

an angle of 20 with respect to the

incident beam. For 0 greater than the critical angle for total reflection,
0 C (-0.1° for

neutrons and x-rays), the reflected intensity

is

attenuated by interference effects

related to the composition profile normal to the surface and the topography
of the free
surface.

By

intensities

modelling of the plot of reflectivity (the

Ir / Iq)

as a function of

composition profile normal

k0 (In I

to the surface

ratio of the reflected to incident

ksin 0), a detailed scattering density or

may be constructed. However,
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the depth

profile does not

imply one particular microdomain
morphology. Several

microdomain morphologies could be proposed,
where each of the morphologies has
the same surface composition
profile that fits

the experimental data. Also,
while the

depth resolution of
(~

0.
1

this

technique

is

very good, because of the

finite size

mm in height) and the small values of 6, the footprint of the beam

sample

is

very large (~ 40

of this technique

is

mm long for 0 = 0.15° [132]).

Thus

of the

beam

on the

the lateral resolution

not very good and Umits the potential
application to investigate

block copolymer surfaces which do not have
laterally homogeneous near-surface
compositions.

3.4.4

Microscopy Techniques

While the techniques discussed thus

far

can provide direct information on the

composition of a block copolymer surface, microscopy
techniques are needed
direct information

on the morphology of copolymer

surfaces.

to give

The four different

types

of microscopy techniques to be discussed include: optical
microscopy (OM),

scanning electron microscopy (SEM), transmission electron microscopy
(TEM), and
scanning tunneling and atomic force microscopy

(STM and AFM). The order of the

discussion of the various techniques follows that of increasing spatial resolution
of the
techniques.

Of the microscopy
this

techniques, the oldest and most widely used

is

OM. While

technique lacks the spatial resolution offered by electron microscopes, the

microscope

polymer

is

commonly used

surfaces.

To

to investigate the

morphology and topography of

investigate the surfaces of polymers, the

either transmission or reflection modes.
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OM may be used in

The
reflection

easier of the

two methods,

as far as sample preparation

is

concerned,

is

the

mode. Reflection techniques can provide
information on the surface

topography. Because of their relatively
low reflectivity, polymers present
a problem
for reflectivity techniques.

Due

to their transparency there is
substantial penetration

of incident light through the surface
and into the material where

and a portion may return through the

surface. This results in a degradation
of the

image. Imaging of extremely thin transparent
polymer films
reflections

from the polymer /

substrate interface.

problems, the surface of the polymer
either be

done by

this light is scattered

may

also be affected by

To overcome both of these

coated with a thin layer of metal. This can

is

sputter coating or evaporation coating.

It is critical

of metal deposited does not obscure the
morphological features of

Techniques which are commonly used

in the reflection

that the

amount

interest.

mode

to quantitatively

analyze the surface topography of polymers include
interference microscopy methods.
Further information regarding differential interference
constrast (DIC) microscopy

and the various types of interferometers available may be found
the

in

Hemsley's book on

OM of polymers [133].
In order to

examine polymer surface morphology with transmission methods,

sections with thicknesses of less than 2

^m must be used.

analysis of the surface involves microtomy.

prepare thin sections for transmission

OM

is

A review of the techniques
found

in

Depending upon the nature of the polymeric sample,
employed. For example, polarized
polymers. Phase contrast

polymer systems such

light

Such cross-sectional

Chapter

1

used to

of reference [133].

different forms of

OM may be

OM may be used for semi-crystalline

OM may also be used for these materials or for multiphase

as high-impact

PS (HIPS),

acrylonitrile-butadiene-styrene

terpolymers (ABS), and polycarbonate modified with

ABS. The choice

technique relies upon the contrast mechanism present

in the material.
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of the

While most

polymers do not absorb

in the visib.e

speetrum, staining techniques
can enhance

contrast between polymers in a
blend and allow the use of bright
Held microscopy

techniques.

As was discussal

in

separated block copolymers
resolution of the

OM

is

Chapter
is

2, the typical

size in

microphase

on the order of a few tens of nanometers.
Since the

on the micron

scale, block

themselves cannot be imaged. However,

OM

investigate the surface topography of
block

use of interference

microdomain

copolymer microdomains

mode can be

in the reflection

used to

copolymer specimens. Results from

the

OM to characterize the surface topography of block copolymers

are given in Section 3.5 of this chapter.

Since the size of

many polymer

microstructural features

lie

below the

resolution limit of the light microscope, the
use of other microscopy techniques with
better resolution capabilities

(~ 5

nm

for conventional

interpretation,

resulting

is

necessary.

SEM),

SEM

offers such resolution

improvements

as well as greater depth of focus, simple

and ease of sample preparation.

from the greater depth of focus,

is

A

image

SEM

striking feature of

images,

the three-dimensionality of the features of

the surface being investigated.

As seen

in

Figure 3.4, a high energy (1-40 keV) incident (primary) electron

beam impinging on

the surface of the sample, with a diameter d
pe , causes a large

number of low energy (0-50 eV) secondary
removing bound electrons from

the sample.

with increasing atomic number. These

electrons (SE) to be produced by

The SE

SE can

yield increases very gradually

be attracted to a

SE

scintillator detector

held at a positive potential (200 V). Because they are of low energy, the

escape from the near-surface region (the
[134)).

SE produced by

the primary

SE

escape depth,

beam provide

71

X se

,

is

~

1

nm

SE can
for

a high resolution image.

Au

only

A second type of signal arises when the incident
nucleus of an atom in the specimen.

Of the

electron interacts with the

incident electrons that undergo
Rutherford

scattering with the nuclei of the
atoms, a fraction will scatter
at angles sufficiently

large to return to the surface of
the specimen
the incident beam.

and escape with energies close

These high energy backscattered electron
(BE) are only

deviated by the positive potential of
the
the specimen travelling direcdy
at the

SE detector and therefore

number and

signal being

BE detector should subtend a

from the specimen and a small negative bias

detector to repel the low energy SE.
Yield of

slightly

BE that leave

BE detector will contribute to the

measured. To maximize the efficiency of
collection, the
large solid angle

only

to that of

BE increases

is

applied to the

BE

monotonically with atomic

therefore provides compositional contrast.
For samples having laterally

homogeneous surface compositions,

the use of only one-half of a solid-state

BE

detector permits determination of the surface
topography because the signal collection

depends on the

line of sight towards the

Besides the

SE produced by

BE detector.

the incident electron beam,

SE may

also be

produced by the BE. However, these BE-SE degrade the
resolution of the SE image
because they
indicates

is

may come from

a region with a diameter, d . , which as Figure 3.4
be se

larger than the diameter of the primary incident electron

on the sample, dp e

.

In order to obtain an

SEM image, either from the SE or BE signal, the finely

focused beam of small (~ 5 nm) diameter
signal emanating

beam impinging

is

scanned over the specimen surface. The

from the position of the probe

is

detected, amplified,

modulate the intensity of an electron beam on a cathode ray

and used

to

tube. Synchronization

by

use of the same scan generator ensures spatial correspondence between the object and
the image.
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While sample preparation

is

relatively easy

and usually only involves

mounting on a specimen-stub, for
non-conducting specimens a metallic
coating
applied to the surface to prevent
charging. This coating process

is

provided the coating does not cover the
morphological features of
details

concerning the theory and practice of
conventional

SEM

is

acceptable
interest.

Further

are given in

references [134-138].

Two notable developments
years.

The

first

with the

involves the improvement in the resolution
of the instrument, while

the second involves the ability of the

By

high vacuum.
0.7

nm

at

30

kV

improvements
the sample

SEM have occurred within the last few

in

SEM to be operated in environments other than

using a high brightness field emission
electron gun, resolutions of

have been noted. Besides the type of gun employed,
resolution

SE imaging

SEM have been made by altering the position of

in the

and the SE detector. In conventional SEM, the sample
and

are placed beneath the upper and lower pole
pieces.

However,

the

SE

detector

in high-resolution

SEM (HRSEM), the sample is placed in the middle of the objective lens and the
SE
detector lies above the objective lens. Such a design
eliminates

sources of

SE which

create noise in the

some of the undesired

image and also helps produce a smaller, but

very intense incident electron beam.

HRSEMs

also offer greater opportunity to adjust the accelerating voltage of

the incident electron beam. This feature
surfaces.

electron

Specimens examined

beam and

in the

lose electrons as

is

particularly useful for the study of

SEM receive electrons from the incident

SE

or BE. Depending upon whether there

loss or gain of electrons, the

specimen

the balance

some other means. For an

is

restored from

polymer

will charge

is

a net

up positively or negatively, unless
electrically conducting

specimen, a constant zero potential can be maintained by electron flow through the

mounting stub and microscope, which

is

grounded. However, polymer specimens
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which are typically

electrical insulators either

need

to

be coated with a conductive

surface film or the electron gun
voltage needs to be reduced
(typically 0.8-1.5 kV), so
that there is

no net gain or

loss of electrons during
examination.

Reduction of the accelerating voltage,

to

reduce charging of uncoated
polymer

samples, has a detrimental effect on
the resolution of the

SEM,

as the accelerating voltage

nm

reduced from 20

to

is

reduced from 30

140nm[138]. The decrease

the decreased flux in the electron

beam

that arises

a lower kV. For the newest generation
of
to

1

kV

results in a decrease in resolution

resolution at

1

kV

is still

kV

from 0.7

to

In a conventional

kV

1

the resolution

in resolution is primarily

when

HRSEMs,

SEM.

the electron gun

is

due

operated at

dropping the voltage from 30

nm to 4.0

to

nm. However, 4

kV

nm

very good for surface analysis of polymers.
Besides the

reduction in charging that accompanies the
lowering of the accelerating voltage, at

lower

kV

the

SE

signal only arises

from the near-surface region. Thus, there

currently considerable interest in low-voltage

is

HRSEM (LVHRSEM) to analyze

polymer surfaces.
Recently, ElectroScan Corporation has commercialized
an Environmental

SEM. Unlike

conventional

SEMs

which require vacuums of at

throughout the system, the environmental

SEM

least 10" 4

Torr

allows pressures of 5-30 Torr in the

sample chamber of the microscope, while maintaining a vacuum of 10" 7
Torr near the
electron gun. Such a microscope allows one to keep water in the
vapor state inside the

sample chamber. Sample temperature ranges from -196
Surprisingly, the Environmental

With

all

scientist

1000

°C

are claimed.

SEM has a resolution of 5 nm under these conditions.

of these capabilities, the Environmental

new

to

SEM offers the polymer surface

opportunities to explore the dynamics of

including wetting and melting, for example.
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many

surface

phenomena

While
on the

SEM

lateral or

is

useful for providing information
on the surface topography and

depth concentration gradients

at

block copolymer surfaces,

TEM has

even greater capabilities for the
determination of the surface morphology
of block
copolymers. The main reason for

this

has to do with the fact that the
resolution of the

TEM is on the order of several tenths of a nm.

Although the illumination system

TEM is similar to that in an SEM, the accelerating voltage
(80

-

400 kV) so

that the incident electrons

may

is

typically

much

in a

high er

pass through the thin polymer sample.

TEM images are therefore two-dimensional projections along the

film thickness

direction. In order to infer the
three-dimensional structure in the film, careful
tilting
to obtain a series of related two-dimensional
details

on the theory and practice of TEM may be found

brief description of
will

images must be performed. While

now

in references [134,138], a

TEM contrast mechanisms relevant to the block copolymer studies

be presented.

After the incident electrons have interacted with the
thin specimen film, the

amplitude and phase of their wave functions contain information
about the specimen.

Use of

the phase portion of the electron

wave function allows one

contrast with resultant changes in image intensity.

amplitude of the wave function

is

utilized to

to

More commonly

produce phase
the square of the

produce amplitude contrast. Examples of

amplitude contrast include mass-thickness contrast and diffraction contrast.
In amplitude contrast,

image contrast

arises

from

scattering of the electrons

outside of the objective aperture. Regions of higher density, increased thickness,
or
crystals at the
field

Bragg condition

will scatter

more and, hence, appear dark

image [134]. In most polymer specimens there

is

in a bright

only weak mass-thickness

contrast and, hence, preparation techniques such as selective heavy metal staining and

metal decoration or shadowing are necessary to improve the contrast. Directly
relevant to this dissertation

work

is

the

enhancement of mass-thickness contrast with
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Os04 staining.

In

SB

or SI diblock copolymers,

Os04 reacts preferentially with the

double bonds present in the

PB

or PI. Because of the

osmium, now present

PB

or PI phase, than for carbon or
hydrogen, the only

elements present

in the

in the

PS phase,

larger scattering angles than the

the

PB

phase

in a

SB

appreciated that the

PB

higher atomic number for

or PI phase will scatter

PS phase. Hence,

more

in a bright field

diblock copolymer will appear dark.

It

electrons at

TEM micrograph,

should, however, be

Os04 staining process can perturb the dimensions of

microdomain morphologies
suffer

the

much

While

[139].

the

TEM studies on Os04 stained materials

from possible microdomain dimensional changes,

packing of the microdomain morphologies due
to

alterations in the shape

Os04 staining have

and

not been

observed.
In order to investigate the influence of
a single external surface constraint

the

on

microdomain morphology of block copolymers, two techniques
of TEM sampl<e

preparation
thin,

may

be employed. The

first

technique, replication, involves

metal-shadowed carbon replica of the polymer

thin film in projection provides information

Since the material being examined
replica, the

topography of the

real

is

surface.

when

TEM examination of this

on the topography of the polymer surface.

not the actual sample of interest, but instead

sample may be

slightly different.

should provide better topographic information. Although
surface features, replica

making a

Thus,

is

a

SEM

this is true for large scale

TEM studies can provide surface topographic information

the length scale of the features

is

below

that

which can be resolved by SEM.

A second very powerful technique to examine the influence of an external
surface constraint on the microdomain morphology of block copolymers
sectional

TEM.

In this technique, a thin (~ 100

region of the sample

is

prepared by microtomy.

nm)

is

cross-

cross-section of the near-surface

TEM projections along the section

thickness direction then allow one to directly investigate the bulk and near-surface
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microdomain morphologies of block copolymers.
Although lacking the chemical
sensitivity of the spectroscopic analysis
techniques, this

microscopy technique allows

unambiguous determination of the ordering of block
copolymer microdomains
near-surface region and provides excellent (~
0.5

The influence of two
constraint,

nm)

lateral

and depth resolution.

interfacial constraints in close proximity,

on block copolymers may

in the

also be investigated with

i.e.

a thin film

TEM by the

preparation of thin films. Such films are prepared
by dilute solution casting onto a
variety of substrates.

The microdomain morphology may then be viewed in

projection along the normal to the film thickness
direction or alternatively in crosssection using

While

microtomy techniques.

TEM can provide information on the topography of block copolymer

samples with a resolution on the order of 0.5 nm, two newly developed
microscopy
techniques can surpass this resolution capability. The most recent
and highest
resolution (~ 0.1

nm lateral

for surface analysis are

Binnig and Rohrer

at

lies in the

tunneling

electrodes

when

nm depth

[140]) of the microscopy techniques

STM and AFM. STM was pioneered in the laboratory of

IBM

-

Zurich in 1982 [141]. The physical principle of the

phenomenon

a voltage

conducting sharp probe
current,

and < 0.1

is

(tip)

STM

or the current observed between two close

applied.

A conducting specimen surface and a

can act as these two electrodes and a small tunneling

which varies exponentially with the specimen surface /

created by applying a suitable voltage.

It is this

tip distance,

can be

extremely strong dependence of the

signal with distance that yields the subatomic height discrimination and a piezoelectric

drive allows x, y translations of the tip and therefore atomic resolution in the lateral
directions.

STM may be performed in ultra high vacuum or with the tip immersed in

a fluid and hence can follow chemical and physical processes in
limitation of

situ.

The main

STM is the requirement of a conductive substrate for tunneling.
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Therefore polymers must have a thin

(less than

10 nm) layer of conductive
materials

(platinum/carbon or gold/palladium) vapor
deposited onto them. This metal
deposition broadens the image features
and hence a preferred alternative

is

the use of

AFM.
Binnig [142] was also the

first to

develop the technique of

AFM.

Rather than

a tunnelling current, this technique
utilizes the atomic forces of
attraction or repulsion

(Van der Waals

forces) between the tip

placed on a cantilevered
optical methods.

produced by the

beam and

and sample surface. The insulating

the deflection of the tip and

beam

is

tip is

monitored by

A topographic image of the height variation along the surface is

AFM with a resolution comparable to the STM.

either be operated in the deflection

the force, or the constant force

mode, where

The

AFM may

the cantilever deflects according to

mode, where the height of the

tip is

adjusted to

maintain a fixed force.
In

AFM studies, the magnitude of the force needs to be considered since

deformation of the sample

is

possible.

The

repulsive force

mode

of imaging, which

has higher resolution capabilities, can cause elastic or plastic
deformation of the

specimen. Finally,

sample surface

if

the experiment

/ tip interaction

is

performed

in air, care

must be taken since the

can be perturbed by an adsorbed layer of water.

Further details concerning the application of

AFM to investigate block copolymer

surfaces are given in Section 4.3.4.

3.5

Review of Block Copolymer Surface Analysis Studies

This review of the effect of interfacial constraints on the microdomain

morphology of block copolymers follows

the order of the surface analysis techniques

discussed in Section 3.4. Most work on block copolymer samples has involved the
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investigation of a single external
surface constraint.

examined the influence of the

More

interface with the substrate

where the external and substrate

recent

work has

also

and considered the case

interfaces are in close proximity,

i.e.

a thin film.

Finally, recent experimental
investigations in our research group
have considered the

influence of curved interfacial constraints
on the microdomain morphology of
block

copolymers.

It

should be noted that the experimental work
to be presented

was progressing simultaneously with many of
the more

dissertation

in this

recently published

works which are now discussed.

Many of the early
samples and

investigations of the external surface of block
copolymer

/ or blends of diblock with a

homopolymer of one of the blocks were

interested in the surface segregation of the lower
surface tension block to improve the

surface properties. In order for a given system
to exhibit an external surface with
characteristics similar to that of the lower surface
tension block, experimentally

been noted that some

minimum

ABA

"triblock" copolymers

tension block, Kendrick et

al.

has

molecular weight of the lower surface tension block

and minimum concentration of the block copolymer
example, in

it

in a blend are needed.

where the B block

is

For

the lower surface

[143] observed that a poly(dimethylsiloxane)

(PDMS) B

block molecular weight of only 1500 g/mol will reduce the surface tension
of the
block copolymer having a polyether
technique, to that of

and

St. Pierre

PDMS

A

block, as measured via the pendant drop

homopolymer. Using

[144] also observe a surface tension similar to that of the

poly(propylene-oxide) (PPO) block for

PPO

PPO

in

ABA block copolymers

A block of poly(ethylene-oxide) (PEO).

While the minimum block molecular weight and composition

upon

B

molecular weights greater than

3250 g/mol and compositions greater than 10-15%
having an

the pendant drop technique, Rastogi

are dependent

the specific blocks involved, they should also be influenced by the arrangement
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of the blocks in the copolymer. In
the case of the
expects the

minimum values

ABA block copolymer studies, one

be lower for a linear

to

AB diblock copolymer because

the inherent conformational
restrictions for a midblock surface
layer are

than for an end block surface layer.
restrictions

species

is

may inhibit the

for

more severe

The most extreme case where conformational

formation of a surface layer of the lower
surface tension

random copolymers.

In these copolymers, the surface
tension

is

usually

given by the rule of mixtures [90].

While these surface tension measurements and
other

studies [145-147]

involving contact angle measurments allow
one to compare the surface tension of the

block copolymer with the surface tension of
the corresponding homopolymers, as
previously discussed, this technique does not allow
one to quantify the surface

composition. In addition, surface tension measurements
do no permit any

on the near-surface morphology

The development of XPS
widespread use

Some

in

block copolymers.

as a surface analysis technique has resulted in

to characterize the external surface of block

of the earliest

XPS work was

XPS

the film.

No discussion

1.3

on

PS-PDMS

diblock

results they suggested that the

immediate surface consists of an essentially pure

between

copolymer samples.

that of Clark et al. [146]

copolymers. Based on contact angle and

this layer varied

comment

PDMS outer layer.

The thickness of

and 4.0 nm, depending upon the method of formation of

of the bulk and surface microdomain morphologies of the

copolymer samples investigated was given.
In 1979,

Thomas

et al. [1 18,148]

surface composition of films of

AB

and

used angle-resolved

copolymer

PS block were observed and

surfaces, see Figure 3.5,

to investigate the

ABA block copolymers with

A blocks of PEO and amorphous B blocks of PS.
surface tension

XPS

Surface excesses of the lower

a model for the topography of the

was presented. According
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semi-crystalline

to their

model, the

near-surface morphology consists
entirely of lamellar microdomains
oriented

perpendicular to the external surface with
the lower surface tension PS
lamellae

forming elevated domain regions adjacent
to the lamellae of the higher
surface tension

PEO block.

Thus, there

not a continuous surface coating by
the PS block, but

is

instead both lamellar microdomains
contact the external surface. While
domains are
thick

on the

XPS

depth scale (~ 5 nm), no

Two critical comments can
the

model proposes a

/

this

model. The

first is that

single near-surface morphology, that of
lamellar microdomains,

from 20

amorphous block copolymers, bulk

microdomain morphologies should
for semi-crystalline /

dimensions are given.

be made concerning

for samples with compositions ranging

amorphous

lateral

to

70

wt%

of the PS block. In

studies indicate that other

exist within this composition

amorphous block copolymers

the

window. However,

microdomain morphology

depends upon the combination of the microphase separation
of the unlike blocks and
the crystallization of the semi-crystalline block. For
such samples, the bulk

microdomain morphology

is

more complex and depends

greatly

on the conditions

used to prepare the sample [149,150].

A second critical point concerning these early XPS
surfaces

is

studies

on block copolymer

the presence of both blocks at the external surface rather than having
a

layer of the lower surface tension block.

One possible explanation

such a surface layer has to do with the crystallization kinetics.

If the

prepared from solution and crystallization occurs very rapidly then
both components

may

be exposed

and Hashimoto [151] have noted

at the external surface

that,

for the absence of

sample

it is

possible that

[147,148,151].

based on their cross-sectional

is

Hasegawa

TEM

observations, the composition of the surface depends upon the orientation of the
crystalline lamellae.

surface tension

When

parallel to the external surface, a layer of the

amorphous component

is

lower

observed, while both components are
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exposed for non-parallel
crystalline

ma. the

/

orientations. Early

work by

Lit,

and Her z [145] on semi-

amorphous block copolymers has
shown by contact angle
measurements

critical surface tension

of the copolymer was identical
with that of the lower

critical surface tension
semi-crystalline block.

Tims

not possible to generalize
on

it is

the surface composition for
the case of semi-crystalline
/

amorphous block

copolymers.

One

interesting point concerning
equilibrium should be mentioned.
In all of

the semi-crystalline
/

was not performed
[152] used

amorphous block copolymer

after the solvent

was allowed

studies discussed so far,
annealing

to evaporate.

SEM to investigate the surface morphology of PS

which were annealed above
block (~ 105

However, Crystal

PEO block copolymers

/

the glass transition temperature
of the

OQ and above the melting

temperature of the

PEO

amorphous PS

block (~ 80 °C).

After this annealing process, a smooth
surface, rather than the rough surface
created

by

PEO spherulites, was found and was

amorphous PS

skin.

suggested to indicate the presence of an

Hence, the annealing process allows the
lower surface tension PS

block to coat the surface and erases possible
non-equilibrium, kinetically trapped,

morphologies which result during solvent evaporation.

The use of XPS

to determine the surface

deserves further comment.
surface morphology

is

A key point when employing XPS

the relationship between the

scale of the expected near-surface

Chapter

2,

morphology of block copolymers

microdomain

XPS

probe depth and the length

As discussed

structure.

previously in

bulk studies have shown that the length scale of the
morphology depends

strongly on the molecular weight of the blocks. If
there
surface tension

one needs

to determine the near-

to

B

block with a thickness,

know

is

a surface layer of the lower

t^(B\ covering the external surface, then

surf(B).
the probe depth, d
probe , relative to t

greater than d
probe ,

i.e.

large

B

block molecular weights,
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XPS

When

t

surf(B)

is

measurements should

yield a surface composition
of

molecular weigh*,

would

100%

of the

block.

B which

is

obviously less

that the surface is enriched
in the

such a problem, angle-resolved
decrease d
probe with

XPS

B

man 100%. Thus one

block but not pure B.

may

be present. This

because, as discussed previously,
angle-resolved
surfaces. Therefore since

To

on a particular sample would
allow one

1*"%) fixed and hence establish an upper

thickness of a surface layer that

morphology,

However, for low B block

^(B) may be smaller man dprobe md hence xps

yield a surface composition
of

would conclude

B

Thomas and O'Malley

XPS

may

to

bound on the

not always be done

only applicable for

is

avoid

flat

[118] propose a non-planar surface

their angle-resolved results
cannot rule out the possibility of a thin

PS

surface layer.

Work by

Schmitt et

al.

[153] using

XPS and

technique on bis-phenol-A-poly(carbonate)

(BPAC)

the

more surface

PDMS

-

alternating copolymers

considered the possiblity of a thin external
surface layer of the

proposed two models, one of which was identical

O'Malley (Figure

3.5)

to that

and the other which may be seen

PDMS

XPS

measurements would not detect such a

reasonable since the molecular weight of the
layer

was only 1500 g/mol

would be extremely

thin.

in the study

PDMS

by Schmitt

They

block.

proposed by Thomas and

in

Figure 3.6. While no

specific value for the thickness of the
overlayer seen in Figure 3.6
stated that

sensitive ISS

layer.

This

was
is

given,

it

was

entirely

block forming such a surface

et al.

Hence such a

surface layer

A rough idea of exactly how thin such a PDMS

surface

layer might be can best be understood after consideration
of the experimental results

presented in Chapter 5 of

this dissertation.

The majority of the

surface investigations of amorphous / amorphous block

copolymers have focused on

microdomain morphology

AB

diblock copolymers which exhibit a lamellar

in the bulk.

Early work by
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Vanzo

et al. [154,155]

on

SB

diblock copolymers employed
replicas.

The

TEM of ehromium-shadowed silicon

surface exhibited layered structures
with various in-plane
orientation,

These layered structures (or lamellae)
were also observed
in

monoxide surface

in the bulk of the rilm

and

both cases the layer spacings increased
with copolymer molecular
weight. Also,

there appeared to be

good

correlation between the surface

and bulk lamellar spacings

although the surface spacings were always
slighdy larger than those in the
interior of
the film.

The morphology of SI diblock copolymers
was examined by Hasegawa and Hashimoto using

exhibiting lamellar microdomains
cross-sectional

TEM

[156]. In their

micrographs, direct evidence of a surface layer
of the lower surface tension PI block,
stained dark by Os0
4 was seen. While they noted the dominance of lamellar
,

microdomains oriented

parallel to the surface for films approximately

350 \im

thick,

lamellar microdomains oriented perpendicular
to the external surface were also seen.

For the lamellar microdomains with
thickness

parallel orientations, the PI surface layer

was approximately one-half the bulk PI lamellae

thickness.

Figure 3.7, the fact that the thickness of the PI surface
layer

bulk PI lamellae thickness can be explained

if

is

As seen

in

one-half that of the

the density of the PI surface layer and

bulk PI lamellae, and the average distance between the SI
junctions remain
unaffected. Although no explicit

model was given, the thickness of the PI surface

layer for the perpendicular lamellar orientation

was

also stated to be approximately

one-half the thickness of the bulk PI lamellae. While

this

was

true in

their micrographs, in other regions the PI surface layer thickness

half the bulk PI lamellar thickness.

[151] have used

More

recent results by

was

some

less than one-

Hasegawa and Hashimoto

TEM of surface replicas to show the surface topography.

similar to that observed by

Vanzo

et al. [154,155]

underlying lamellar microdomain orientation.
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regions of

Patterns

were noted and are indicative of the

When

the spacings of the surface

stnahons are similar to the bulk
lamellar microdomain

si.es. the stnations
are often

explained as lamellae oriented
perpendicular to the external
surface. Similar crosssectional

TEM wo* by Ishi 2u e, al.

lamellar microdomains has

shown

[157] on an SI

the

diWock copolymer containing

dominance of parallel lamellae

external surface and the interface
with the casdng substrate (teflon)

at

both the

a 40 um thick

films.

Recently there has been considerable
work on the characterization of the
surface composition and morphology
of symmetric poly(styrene-b-

(SMMA)

methylmethacrylate)

Green

et al.

[158-160] have used

surface tension

PS block

XN), the surface

is

When N is

composed of PS

xN) both PS and

the surface excess of
al.

XPS

to

XPS, SIMS, NR, and OM.

measure the surface excess of the lower

as a function of the total degree
of polymerization, N, and as

a function of temperature.

(small

diblock copolymers using

large

only.

and the system

is in

SSL regime

(large

N in the WSL regime

However, for smaller

PMMA segments coexist at the surface.

PS was found

the

In the

WSL regime

to decrease with increasing
temperature.

Green

et

[159] state that the strength of the segmental interactions
in the vicinity of the

surface are weaker than those in the bulk. In
a following publication they state that

modification of the segmental interactions in the
surface region results

in surface

ordering at a temperature above the bulk order-disorder
transition temperature [160].

These two statements are not consistent since one would
expect
segmental interactions in the vicinity of the surface would
result

that stronger
in the surface

ordering at a higher temperature than the bulk order-disorder
transition temperature
for systems exhibiting

SIMS

UCST behavior.

[121,161],

OM [162-164], and NR [94,131] studies by Russell et

al.

on

SMMA diblocks where either the PS or PMMA block was perdeuterated have shown
the preferential alignment of lamellar microdomains parallel to the
external surface
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and substrate interface for film
thicknesses

less than

500

nm when annealed at

temperatures of 170 °C. PS was found
to exhibit a preferential
affinity for the
external surface, while
silicon substrate.

PMMA was preferentially located at the interface

The PS

rich surface layer

had a thickness of one-half that
of the

bulk PS lamellae thickness, while the
ratio of the thickness of
silicon interface to that of the bulk

between the PS and
broad width of 5.0

PMMA layer at the

PMMA lamellae was also one-half.

± 0.3 nm and is

independent of the

300 kg/mol. The

total

total

copolymer thickness of the annealed

OM measurements.

substrates the film thickness

+ 1/2)L where L

found

at

the

was given by

number of periods,

from the

air /

(n

typically less than 10.

both interfaces and the thickness

orientation

interface

block molecular weight

spun-cast films was found to be quantized
by

is

The

PMMA lamellar microdomains was observed to have a relatively

for values between 30 and

and n

with the

is

On

is

NR results

[94]

silicon

the lamellar period

a gold substrate,

PS

is

given by nL. Propagation of the lamellar

copolymer and copolymer / substrate

annealing time was shown.

On

have shown

interfaces with

that the surface is ordered at

temperatures above the bulk order-disorder transition
temperature.

Besides the investigation of block copolymer samples
containing lamellar

microdomains
constraints

in the bulk, there

have been few studies of the influence of interfacial

on copolymers exhibiting

morphologies.

One such

the other three equilibrium

study was that of Henkee et

al.

[165],

microdomain

who

considered the

influence of an external surface constraint and a substrate copolymer
constraint in
/
close proximity.

When viewed by TEM

direction, thin film droplets of

the lower surface tension

PB

SB

in projection along the film thickness

diblock copolymers containing microdomains of

block were observed to have preferred packing and

orientations of the microdomains. Spherical microdomains packed hexagonally

within layers.

The stacking of the

layers

was correlated only between adjacent

86

layers

which

is

a completely different
arrangement than the bcc packing
observed in the

bulk. Cylindrical

microdomains were observed

interfacial constraints

and the cylinders

domain regions of the adjacent
observed

in the bulk.

Both

orientation

depended upon

The uniform

lower surface tension

hexagonal packing

to the film thickness direction,

factors such as annealing time
all

were observed and the

and molecular weight. At

of the thin film samples appeared
uniform in

thickness of this area suggests surface
segregation of the

PB

block, regardless of copolymer composition.
Such surface

segregation has been observed by cross-sectional

TEM of thin films of SB block

copolymers by previous workers [166] and also has
been observed
work. Further comment on surface segregation
in thin films

During the progression of

this dissertation

[151] have also recently used cross-sectional

is

given in Chapter

7.

TEM to investigate the near-surface

and PI obdd microdomains. In

the lower surface tension PI block

in this dissertation

work, Hasegawa and Hashimoto

morphology of linear SI diblock copolymer samples containing
cylindrical, PI spherical,

inter-

and perpendicular orientations of
the lamellar

the thinnest outer edge of the droplets
projection.

one layer were located over
the

layers. This is similar to the

parallel

microdomains, with respect

in

to lie with their axes
parallel to the

all

lamellar,

PS

cases, a surface layer of

was observed. For samples containing

microdomains of PI, the thickness of the outermost PI surface layer was
estimated by
assuming a constant number density of block copolymer chains along the

microdomain

interfaces. Thus, the area per junction along the

IMDS was assumed

constant according to the results of Hasegawa and Hashimoto. Results of
dissertation

work

to

this

be presented in Chapter 5 will show that the experimentally

determined area per junction along the

IMDS

is

not always a fixed quantity, but can

vary in the presence of an external surface constraint. Further comparison of the
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results of this dissertation to
those of

Chapters 5 and

Hasegawa and Hashimoto

[151]

given in

is

6,

In addition to the interfacial
constraints present in preparing
thick and thin

films of block copolymer samples,
recent

work [167]

in our research

group has also

explored the influence of the interfacial
constraint present when forming
spherical
droplets of block copolymers.

The

interfacial constraint is actually
an external surface

constraint, but rather than having
a local

has a

mean

droplet.

curvature given by

1 /

R sd

,

mean

where

curvature of zero, the spherical
droplet

R sd is the radius of the spherical

TEM projections along the spherical droplet thickness direction

were used

examine the microdomain morphology. Because
of the thickness requirements

TEM,

the radius of the droplets

was only on

the order of a

few times

the

microdomains

in the

SB

for

microdomain

size of the block copolymers. Surface
segregation of the lower surface tension

block was observed in

to

PB

diblock copolymers which form alternating
lamellar

bulk of thick films. However, rather than forming
alternating

lamellar microdomains inside the droplet, a
concentric spherical microdomain

morphology was observed. Thus
radius of curvature

is

the curved external surface constraint, where
the

on the order of only a few times the characteristic

size of the

microdomains, perturbs the microdomain morphology expected for
the SB diblock
copolymers.

While there has been some experimental and

theoretical

work on

of interfacial constraints on the microdomain morphology of linear

copolymers, there has been
constraints

on

star

AB

little

called 2

to the

arm

star

AB diblock

the influence of interfacial

diblock copolymers. The only experimental work has been on

block copolymers referred to as

According

work examining

the influence

ABA

"triblock"

convention adopted in

copolymers by other workers.

this dissertation,

ABA block copolymers are

AB diblock copolymers and the name triblock copolymers will be
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reserved for tricomponent systems.
The morphology of ABC triblock
copolymers in
the bulk has received some
experimental attention, see
Chapter 2, but there have not

been any theoretical or experimental
investigations of the influence
of interfacial
constraints

on

ABC triblock copolymers.

Thus, the goal of the dissertation
work to be presented

is to

extend the

understanding of the physics which govern
the chain conformations and
microdomain

morphology
where the

in block copolymers.

Because block copolymers are used

interfacial properties are important,
a

in applications

fundamental understanding of the

influence of interfacial constraints on the
physics of these macromolecules

is

necessary. Chapter 4 will discuss specific
details on the types of macromolecules
that
will be considered

and the types of interfacial constraints imposed.
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Table 3.1

Calculated

Mean

Free Path (X) for Different
Elements in a Polymer

(from Miller and Peppas [117]).

Element

A,

C

(nm)

2.90

O
N

2.50
2.73

F

2.22

Si

3.17

Typical Probe Depths and Probe Surface Areas for the
Various
Spectroscopic Surface Analysis Techniques.

Technique

ATR

-

IR

XPS (ESCA)

|

Probe Depth

50

-

100

nm

1 -

10

nm

SIMS

2

20

nm

ISS

0.3

FRES

-

-

0.5

nm

<80 nm

90

Probe Surface Area
0.5

10 4

10

-

nm 2

10" 1

- 1

10 3

-

10 2
1

cm 2

mm2
nm2

mm2

cm 2

air
H(surf)

v
y B/air

/

substrate

Figure

3. 1

Schematic showing the key morphological descriptors in the presence
of interfacial constraints for linear and star AB diblock copolymers
forming interfacial layers of the B block and spherical B microdomains
in the bulk.
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external surface
H(surf) =

Wigner-Seitz

Figure 3.2

Oum'

cell

Schematic showing the near-surface and bulk Wigner-Seitz cells for an
AB diblock copolymer containing an external surface layer of the B
block and hexagonally packed cylindrical microdomains of the B block
in the bulk.
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Figure 3.3

Schematic of the variation of the sampling depth,
take-off angle, 0, for fixed X. Adapted from
[118].
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d,

with photoelectron

Thomas and O'Malley

Figure 3.4

Interaction of the primary electron

primary electrons,

beam

with the sample in

SEM. The

impinge on a diameter, d
pe to produce both SE
and BE. Escape depths of the SE and BE are X and X^. Because
se
e",

,

BE

can also create SE, which are known as BE-SE, the SE escape
from a region with a diameter of db _
The BE escape from a region
e
the

se

with a diameter given by

dt, e .
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.

Adapted from Thomas

[134].

d>50*p

Figure 3.5

Schematic of the near-surface microdomain morphology proposed by
Thomas and O'Malley [118] for PS - PEO diblock copolymers based
on angle-dependent XPS measurements.
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Figure 3.6

Schematic of the near-surface microdomain morphology proposed by
Schmitt et al. [153] for BPAC - PDMS alternating copolymers.
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FREE SURFACE

Figure 3.7

Schematic of the near-surface microdomain morphology proposed by
Hasegawa and Hashimoto [156] for a linear SI diblock copolymer
containing alternating lamellar microdomains oriented parallel to the
free surface.
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CHAPTER 4

EXPERIMENTAL METHODS

Presentation of the experimental methods
used in this dissertation will be

given in

this chapter.

The

synthesis and characterization of the

triblock copolymers, the preparation
of the thick

AB diblock and ABC

and thin copolymer

films,

and the

surface analysis techniques employed,
will be discussed.

4.1

Block Copolymer Synthesis and Characterization

The

linear

and

star

AB diblock and linear ABC triblock copolymers

investigated in this dissertation were prepared
by the usual anionic polymerization

technique [168-172]. Synthesis of

was performed by Dr. Lewis

J.

all

but one of the copolymer samples investigated

Fetters of

The only sample not synthesized by

Exxon Research and Engineering Company.

Dr. Fetters, an 82

arm

star

AB diblock copolymer

sample, was synthesized by Dr. Jacques Roovers of The
National Research Council of

Canada.

4. 1 1
.

Linear

AB

Linear

Diblock Copolymers

AB diblock copolymers prepared by Dr. Fetters include poly(styrene-b-

butadiene) (SB) and poly(styrene-b-isoprene) (SI), as well

as,

poly(butadiene-b-

styrene) (BS) and poly(isoprene-b-styrene) (IS) copolymers. While for linear

AB

diblock copolymers the macromolecule has no inside or outside, such as that found in
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star

AB diblock or linear ABC triblock copolymers,

synthesized

(AB

or

BA) becomes

the order in

which the blocks are

important in surface analysis
studies. This point

will be further discussed following
a description of the synthesis
procedure.

After purification of the monomers,
solvent (10% benzene and

cyclohexane), and sec-butyUithium
(isoprene or butadiene),

initiator, the first

was allowed

monomer,

to react completely at

either styrene or diene

30 o C under high vacuum.

A small amount of the polymerized monomer was then removed
Polymerization of the second

monomer occurred

after

90%

for later analysis.

which the reaction was

terminated by the addition of degassed methanol.
Molecular weight characterization

of the

first

polymerized block was performed on a Waters 150C

size exclusion

chromatograph (SEC) calibrated with standards of the
corresponding
diblock copolymer compositions were determined
by Dr. David
absorption (X

= 260 nm)

in tetrahydrofuran

and by Dr. Fetters using a 400

MHz

1h

(THF)

for the

J.

material.

The

UV

Kinning using

SB and BS copolymers

NMR for the SI and IS diblocks.

[18]

From the

diblock copolymer composition measurement, the molecular
weight of the second

block could be determined.

SEC

and

NMR were also used to characterize the polydispersities and

microstructures of the block copolymers.
the ratios of the weight to

The

polydispersities, as determined

number average molecular weights, of the

first

from

polymerized

block and the block copolymer were typically less than or equal to 1.05. For the
poly(isoprene) (PI) block created under these anionic polymerization conditions, the
typical microstructures contain approximately

3,4 addition.

The percentages of the

(PB) block are typically

50%

cw-1,4

75%

as- 1,4

,

20%

trans-1,4

,

and

5%

different microstructures for the poly(butadiene)

,

40%

trans-1,4

During anionic polymerization, there

is

,

and 10%

1,2 addition.

always the possibility of premature

termination of the living end. Such termination accounts for the measured
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polydispersity of the block copolymer
molecular weight. In order to
facilitate

removal of such low molecular weight
material by SEC, Dr.

Fetters usually

synthesizes the lower molecular weight
block in the copolymer

first.

For example,

during the synthesis of a diblock
copolymer containing polystyrene (PS)
and

PB

blocks with molecular weights of
23,000 g/mol and 10,000 g/mol,
respectively, the

PB

block will be synthesized first

It is

easier to separate polymers with
molecular

weights of 10,000 g/mol and 33,000 g/mol
by

SEC than it is

to separate

polymers

having molecular weights of 23,000
g/mol and 33,000 g/mol. Thus, such a
diblock

copolymer

will be

synthesized

first,

denoted as

BS

10/23, which indicates the fact that a

PB

block was

followed by a PS block, and the molecular
weights of the blocks in

kg/mol are 10 and 23, respectively.

While
useful,

it

this

technique to facilitate separation of low molecular
species

cannot be applied to

fact that the

all

diblock copolymers.

sequence of the blocks,

AB

or

BA,

is

The reason

for this

is

is

quite

due

to the

limited by the ability of the living

anionic chain-ends to initiate polymerization of
the second monomer. In general, the
living chain-end will only initiate polymerization
of a

of the anion involved in the propagation of the
equal to the
acids [172].

pKa value for the conjugate

monomer whose

monomer has

a

conjugate acid

pK a value less

acid of the living chain-end,

i.e.

than or

stronger

A list of the pK a values for the conjugate acids of the anions involved in

the propagation of

some monomers

is

given in Table 4.1. Because the

the conjugate acids of the styrene and diene anions are so close,

synthesize either block

first.

discussed in Chapter

possible to

3,

monomer must be polymerized first.

low surface tension species may segregate

the surface of block copolymer blends [99-102,143,144]. While these species

added on purpose,

for

However, for a diblock copolymer of poly(styrene-b-

dimethylsiloxane) (SDMS), the styrene

As was

it is

pK a values

in this dissertation the goal is to investigate the surface of
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to

may be

pure

block copolymer samples rather than
blends. Results discussed in the
Appendix
indicate that even very small
(1 %) amounts of

during the anionic polymerization
process

low molecular weight species created

may produce drastic changes

surface morphology of a diblock
copolymer sample.

occurrences,

it

is

To understand

in the near-

these

necessary to keep track of the order
of the polymerization of the

blocks.
Characteristics of the linear SB, BS, SI, and
IS diblock copolymers

investigated

may

be found

Tables 4.2 and 4.3. Besides the sample
name and

in

number average molecular weight (M ) of each of the
n
percents of the

PB

or PI blocks are given.

blocks, the weight and

volume

The weight percent of PB, wt%(PB),

is

calculated by:

Wt%(PB)

M

n (PB)
100
"
M„(PB) ; M„(PS) 1

(4.D

'

while the volume percent of PB, vol%(PB),

vol%(PB) = 100

[

+

1

PPB

is

M "n (PS)

PPSM n (PB)

where pp B and pps are the
temperature.

densities of the

.

l-l

PB

in for

PB

in

A
(4

J

<

PB and PS

The weight and volume percent of PI

determined by substituting PI
percents of

given by:

phases

in SI

at the

o\
2
)

chosen

and IS diblocks

may be

Equations 4.1 and 4.2. The volume

or PI calculated in Tables 4.2 and 4.3 assume PS, PB, and PI densities

of 0.999 g/cm 3 [33], 0.839 g/cm 3 [18], and 0.856 g/cm 3 [33], respectively,

temperature of

-

1

15 °C.

The samples

at

a

are arranged in Tables 4.2 and 4.3 based on their

bulk microdomain morphologies.
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4.1.2 Star

AB Diblock Copolymers

In addition to linear diblock
copolymers of

SB and SI,

Dr. Fetters has also

prepared star diblock copolymers having
PS and PI blocks. The procedure
for
preparing the star diblock copolymers

is

to take the

monodisperse diblock copolymers

with reactive carbanionic chain-ends
and add a linking reagent with the
desired

A

functionality.

star

diblock copolymer with n identical
diblock arms

by choosing a linking agent with a functionality
of n. Table 4.4

lists

is

thus created

some

chlorosilane linking agents and their theoretical
linking functionalities. For more

information on the synthesis procedure for
star diblock copolymers the
interested
reader

is

referred to references [169,170,172].

In order to characterize the molecular
weights and functionalities of the star

diblock copolymers, a number of techniques were
employed [29].

Number and

weight average molecular weights for the linear arm
precursors and

were determined by high-speed membrane osmometry or
by

star

molecules

light scattering for the

higher molecular weight samples. These results
yielded functionalities which were
close to that which

is

theoretically expected.

However,

as the

arm number increased,

the difference between the measured and theoretically
predicted functionality

increased. This

is

not unreasonable, considering the increased difficulty in formation

of the larger arm number stars because of the overcrowding

Typical linking times range from days to weeks for these

Because of the significant differences
of

n, it is quite

While

in

at the

star

core of the

star.

diblock copolymers.

molecular weight depending upon the value

easy to fractionate these star copolymers.

different nomenclature has been used to describe star diblock

copolymers in the

past, a

copolymers will be used

nomenclature similar
in this dissertation.
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to that for the linear

AB diblock

Since styrene and isoprene monomers

have been used

to create the star diblock

copolymer, investigated, again
one must

keep track of the order of synthesis.
In addition,
inner and an outer block.

The inner block

agent and at the other end by the block
features and also note the

is

first

number of arms

star

diblock copolymers have an

constrained at one end by the
linking

polymerized. In order to capture
these

in the star, as well as the

molecular weights

of the blocks, the following notation
will be used. For example,
a 4 arm

star

diblock

copolymer having a PS outer block and a PI inner
block with block molecular weights
of 10,000 g/mol and 23,000 g/mol,
respectively, is called (SI 10/23)
4 Characteristics
.

of the star SI and IS diblock copolymers
examined

may

be seen in Table 4.5.

Besides the star SI and IS diblock copolymers
with arm numbers up

prepared by Dr. Fetters with chlorosilane linking
agents, an 82 arm

copolymer prepared by Dr. Roovers was

star

SB

to 18

diblock

investigated. Rather than directly using

chlorosilane linking agents, Dr. Roovers used a linking
agent similar to that used to
create star

homopolymers with up

to

270 arms

perhydrosilylated poly(l,2-butadiene) which
in Figure 4.1.

With two

reactive sites per

is

[173].

The

linking agent

is

a

prepared according to the scheme seen

monomer repeat,

the precursor

hydrosilylated poly(l,2-butadiene) with a molecular weight of
approximately

2840 g/mol

yields a linking agent with a theoretical functionality of 105.
In order to

prepare the star diblock copolymer the linear
usual anionic procedure.

added

SB

diblock arms are

The poly(styrene-b-l,4-butadienyl)

first

lithium

is

created via the

then slowly

to the stirred hydrosilylated poly(l,2-butadiene). Typical coupling
times are

the order of a

few weeks

after

which the excess

living

SB

diblock arms are terminated

with l-butanol. Finally the samples are fractionated.

The

functionality of the star

molecular weight of the

star, the

is

determined by the measurement of the

molecular weight of the arm of the

knowledge of the molecular weight of the

core. For the
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on

SB

star

star,

total

and a

examined

in this

dissertation, a functionality of
approximately

basically determined

by the extent of the

first

82

is

n* functionality

calculated,

is

hydrosilylation step since the
second

step essentially goes to
completion. Although the star
copolymers produced by this

method have

a distribution of molecular weights
due to the polydispersity of the

hydrosilylated poly(l

,2- butadiene)

sites that are hydrosilylated

linking agent, the distribution
in the

number of

per chain, and the polydispersity
of the poly(styrene-b-

1,4-butadienyl) lithium arms, Dr. Roovers
has measured a polydispersity
of less than
1.05 1174]. Characteristics of the 82

Table

4.6.

4.

Linear

1

.3

With

arm

star

SB

diblock copolymer are seen

in

ABC Triblock Copolymers

the living anionic polymerization
technique,

it is

also possible to create

tri-component block copolymers. However, unless
coupling routes are used,

pK a

values limit the arrangement of the blocks. Dr.
Fetters has synthesized and
characterized linear

ABC triblock copolymers containing PS, PI, and poly(2-

vinylpyridine) (P2VP), as the A, B, and
the synthesis of the triblock

copolymer

C blocks, respectively. The

is

initial

stage of

identical with that for an SI diblock

copolymer. In order to promote the crossover reaction,
of living chain-ends. Immersion of the reaction vessel

THF is

added

in a dry-ice /

to the solution

2-propanol bath

(T = -70 °C) minimizes side reactions on the ring of the 2-vinylpyridine
monomer

when

it is

added. Finally, the reaction

is

terminated by the addition of degassed

methanol.

A Waters

150C SEC,

calibrated with

PS

standards,

was used

to

determine the

molecular weight of the PS block and the polydispersities of the PS block, the SI
diblock, and the entire

SI2VP

triblock copolymer. For the three triblock copolymers
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synthesized, polydispersities of the

PS blocks were always

polydispersities of the entire macromolecules
were

samples whose characteristics are seen
1.15, but the first

NMR,
on a

the

mole

Table

in

somewhat

4.7,

P2VP density

at

monomer in

115 o C of 1.05 g/c

larger.

The

last

two

had polydispersities of less than

sample had a polydispersity greater than

fraction of each

less than 1.04, while the

the triblock

1.5.

was

Using a 400

MHz

also determined.

1h

Based

m 3 [175], the volume percent of each of the

blocks in the triblock copolymer samples
could be calculated. The molecular
weight

and volume percent for each of the blocks

4.2

is

seen in Table 4.7.

Sample Preparation

In order to investigate the influence of
interfacial constraints on the

microdomain morphology and macromolecular conformations
of block copolymers,

two types of samples have been prepared. When

the film thickness

is

much

larger

than the characteristic size of the microdomains, the
influence of a single external
surface constraint (air / polymer interface)

may

dimensions for the block copolymers described

be explored. Typical microdomain
in Section 4.

1

are a

few tens of

nanometers. Therefore, to investigate the morphology in the presence of
an external
surface constraint, films with thicknesses of approximately one
created.

The

mm have been

other category of samples prepared have thicknesses of less than

and some as low

as 0.1 urn.

constraint and the

1

urn

Hence, consideration of both the external surface

copolymer / substrate

interfacial constaint are necessary. Details

the preparation of these thick and thin films are
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now

given.

on

4.2.1

Thick Films

Preparation of one

and

mm thick films for XPS, cross-sectional TEM,

AFM analysis involved the following procedures.

copolymer was

first

The

as-received block

dissolved in a solvent which ideally
was not preferential for any

particular block. For the linear

chosen, while for the linear

and

star

SB and

SI2VP triblocks,

SI diblock copolymers, toluene
was

tetrahydrofuran was used.

parameter (8) for the homopolymers and
solvents used are given
in the table suggest that toluene

in the case of

SI2VP

Values

4.8.

SB

diblocks. Tetrahydrofuran should

all

8%

of the block copolymers and these

became transparent within 24 hours of mixing of the
copolymer and

Copolymer
employed

Table

solubility

triblocks. Solutions of approximately

weight to volume (wt/vol) were prepared for
solutions

in

The

should be slightly preferential for the PS
block in the

SI diblocks and non-preferential in the
case of

be non-preferential

LVHRSEM,

solutions were then poured into casting dishes.
Early

glass casting dishes but the majority of the
samples

solvent.

work

were prepared by

pouring the solutions into aluminum weighing dishes.
Upon the recommendation of
earlier

workers

in the

group, a mold-release agent, dichloro-dimethylsilane,
was

used to coat the glass casting dishes before pouring

Although addition of this species

facilitated

mandated removal of this preparation
without

this

step.

in the

copolymer

first

solutions.

removal of the cast films,

XPS

analysis

Hence, subsequent samples were prepared

mold-release agent. Further details on the

XPS

analysis will be discussed

in Section 4.3.1.

After pouring copolymer solutions into the casting dishes, the solvent was then

allowed to evaporate slowly.
dishes were placed in a

To

achieve slow solvent evaporation, the

fume hood and covered by an

filled casting

inverted evaporating dish.

Typically, the solvent evaporation times were on the order of three to seven days.
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In order to

annealed.

A

approach thermodynamic equilibrium,
the cast films were then

vacuum oven with

a pressure of 10-3 Torr was
employed to prevent

degradation of the sample during
annealing. The temperature
chosen for these
studies,

PS, PB,

115
PI,

«C was above the glass transition temperature of each of the

and

P2VP blocks. Rapid quenching to room
temperature by

immersing the casting dish

oq

Further preparation of the sample for
XPS,

minor and

now discussed.

cross-sectional

is

Several techniques were used to

TEM. The

it is first

do not diffuse

and

AFM analysis is

However, cross-sectional

more involved and details of the

mark

TEM

preparative steps

the external surface for

preliminary technique involved embedding
the sample in

Med-cast Quik Mix epoxy from Ted
epoxy,

LVHRSEM,

will be discussed in Section 4.3.

analysis of the thick specimens
are

briefly

into liquid nitrogen preserves
samples with equilibrium

morphologies characteristic of 115

relatively

individual

Pella, Inc.

Before embedding the sample

in

necessary to prestain the sample to ensure that
the epoxy monomers

into the

copolymer sample during the curing of the epoxy. In
block

copolymers containing

PB

will preferentially attach

or PI, staining with the vapors of

osmium

crosslink the polymer [11,12].

epoxy before embedding

to the

It is this

osmium

double bonds present
crosslinking and,

that prevents swelling of the

if

tetroxide

in these blocks

(Os04 )

and

used, the precuring of the

copolymer samples.

Since epoxy embedded swelling of the copolymer was sometimes
observed, a

second method

to

mark

the free surface

was

layer of gold onto the copolymer surface

showed an

tried.

was

Evaporation of a thin (< 5.0 nm)

also investigated.

interesting tendency for the gold to diffuse into the

preferentially in the

low

glass transition temperature

investigation of the near-surface

PB

While

this

copolymer and

phase,

its
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comment on

lie

applicability for the

morphology was limited by two problems.

the presence of the layer of gold did not allow precise

technique

the

Firstly,

copolymer

surface topography.

The second point concerns

the inability to discern and
measure

the thickness of a surface layer
of the lower surface tension
block.

mentioned, contrast between the PS and

heavy metal

staining.

Gold of course

PB

or PI phases in

As

already

TEM commonly relies on

also has a high atomic

number and

of the external copolymer surface
composition and morphology

is

investigation

hampered by

the

presence of a gold layer.

The most

useful technique to

mark

the surface for cross-sectional

TEM,

subsequently referred to as "stained-only",
employed surface staining with the vapors
of Os04 By placing a small piece
(1 cm x 1 cm x 1 mm) of the block
copolymer in
.

the vapors of a
clearly
time.

4%

aqueous solution of Os0 for 24 hours, the
surface region
4

marked since

While the

the stain typically penetrates only a

Os04 vapors enter from the external

few microns during

is

easily eliminated

this

surface and the five other sides

of the trimmed piece of block copolymer, confusion
of the five
with the external surface

is

artificial interfaces

by further trimming of the stained

copolymer sample before microtomy.

Once

the external surface of the

copolymer

to obtain cross-sections of the near-surface
region.

must have thicknesses of less than 200

nm

is

thus marked,

and PI blocks

in the

copolymers

at

room

then necessary

For TEM, these cross-sections

and, therefore, require ultramicrotoming.

While ordinary room temperature ultramicrotoming may be used
glass transition temperatures above

it is

for polymers with

temperature, the rubbery nature of the

room temperature mandate

PB

the use of cryo-

ultramicrotomy.

Reviews of the ultramicrotomy technique may be found
[133,177] but a brief description of the procedure used in
stained-only samples will

now

in references

this dissertation for the

be given. In order to eliminate the interfaces that are

not of interest and prepare a sample for cryo-ultramicrotomy, a wedge shaped piece
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(r 2

mm along the longest side)

TWs wedge

is

cut from the stained piece
of block copolymer film.

is

then affixed to an aluminum
cryo-ultramicrotome stub with
Pennabond

910 adhesive and Histo-prer® and
external surface
parallel to the

is

is

oriented in the stub holder
so that the stained

vertical and, hence, the film
thickness direction is horizontal

edge of the diamond knife (see Figure

mounted specimen, with

4.2).

and

Further trimming of the

the corners of a glass knife,
reduces the dimensions of the

section area to be cut to approximately
0.2

mm on a side. Thin sections (50-100 nm)

of the copolymer sample are then cut
with a dry 45« diamond (Diatomc®
knife at a

temperature of approximately

These

-1

10 o C on a Reichert-Jung

thin sections are then brushed

eyelash affixed to the

diamond
dipped

knife

in a 2.3

tip

of a

bamboo skewer.

was accomplished by
molar sucrose

away from

the edge of the

diamond with an

Collection of the sections from the

lightly touching the sections with
a wire loop

solution.

solution are then transferred to a

FC4E cryo-ultramicrotome.

The

sections in the loop containing sucrose

600 mesh copper

grid by light blotting of the grid

onto the wire loop. The sucrose was removed by
floating the grid on a distilled water
bath, with the sections in
to

remove

between the water and the

grid.

Final blotting on filter paper

the excess water completes the section collection
process.

After collection of the sections on copper grids, the thin
sections
further stained. This staining can either be to determine
the

may be

morphology

in the bulk of

the sample and / or to selectively stain a second block in the
case of a triblock

copolymer. Once cryo-ultramicrotomed into thin sections, further staining with
vapors of a

4%

aqueous solution of OSO4 typically requires 4 hours. For the SI2VP

triblock copolymers,

a

99%

OSO4

is

used

to selectively stain the PI phase,

and the vapors of

solution of methyl iodide (CH3I) are used to selectively stain the

Because a

tightly sealed container

number of iodine

is

much

was not used

less than

for the

CH3I

stain

osmium, staining times were
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P2VP phase.

and the atomic

typically

24 hours for

the thin section, After
collection of the thin sections
on grids and further staining,
necessary, the specimens are
suitable for cross-sectional
examination,

if

TEM

4.2.2 Thin Films

In order to prepare thin films of
block copolymers,

techniques were employed. The

first

two sample preparation

technique, the dilute solution
droplet method,

involves slower solvent evaporation but
yields films with variable
thickness.

second technique, which has seen considerable
use
the spin-coating method.

much

With

quicker, but films of

4.2.2.1

in the microelectronics
industry, is

technique the solvent evaporation rate

more uniform

thickness

may

is

usually

be prepared.

Slow Solvent Evaporation: Dilute Solution Droplet
Method

The technique used
to that

this

A

used by Henkee

copolymer

is

to prepare thin films

et al. [165].

A dilute

by slow solvent evaporation

solution (~ 0.

1%

is

similar

wt/vol) of the block

prepared in a non-preferential solvent. Small drops of
the solution are

then placed on a carbon-coated glass slide using a
micropipet. The slide
inside a covered petri-dish and the solvent

is

is

allowed to slowly evaporate

hood. Typically, the solvent takes several minutes to evaporate
and one

extremely thin isolated regions ("puddles") on the carbon-coated
glass

placed

in a

fume

is left

slide.

with

With

solution concentrations of approximately 0.1%, the resulting films
were thin enough

(< 200

nm)

for

TEM examination in projection along the film thickness direction.

Following the thin film solvent casting procedure, the samples were then
annealed and prepared for investigation via

TEM. Two
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procedures were used for

annealing the films on the carbon
substrate. In one case,
annealing was performed by
placing the carbon-coated glass slides
with thin copolymer films
into
a

(10-3 Torr) oven at
residual solvent

quenching

to

1

vacuum

15 o C for 24 hours. This process ensured
the removal of any

and promotes the formation of the
equilibrium morphology. After

room temperature,

the carbon substrate and the
copolymer film

were

separated from the glass slide by dipping
the slide, at a grazing angle, into
a distilled

water bath. Scoring the copolymer

/

carbon substrate film on the glass slide
with a

razor blade, before dipping, produces smaller
pieces

water bath. The pieces of the copolymer film
and

up on 400 mesh copper

its

when

the film

is

floated

on the

carbon support are then picked

grids.

Occasionally, annealing of the glass slides prohibited
the removal of the

copolymer and carbon substrate from the

slides.

To overcome

this difficulty, a

second

annealing procedure was employed. The unannealed film
on the glass slide was
scored, floated off onto the water bath, and collected
onto copper grids. These grids

were then placed

into the

previously described.

vacuum oven

Once

for annealing, under the

the annealed thin films were

remaining step was to provide contrast for
contrast, thin sections

were stained with

mounted on copper

TEM examination.

To enhance

OSO4 vapors. Because

thin, staining

times were approximately four hours with a

OSO4, which

is

same conditions

4%

grids, the

the

the specimens were

aqueous solution of

replaced every 3 months. These specimens are then suitable for

TEM

examination in projection along the film thickness direction.

4.2.2.2

Rapid Solvent Evaporation: Spin-Coating Method

In order to prepare films with

more uniform and

controllable thickness, a spin-

coating process was employed. Although spin-coating has been used since the
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beginning of the century [178], only
recently [179,1801 has there
been any theoretical

work

to understand the complexities
of the process. Variables such
as the initial

solution concentration,

amount of solution deposited onto

the substrate, temperature

of the solution, vapor pressure of solvent
above the solution, spinning speed,
and
spinning time will

all

affect the ability to achieve

smooth films with uniform

thicknesses.

While the

intent of this dissertation

work was not

to explore the influence of

all

of these variables, the ability of

set

of conditions has been exploited. The conditions
chosen are

this

technique to prepare thin films under
a chosen

now discussed.

Typical copolymer solution concentrations were
between 0.5 and 8.0 wt/vol

% and

yielded films with thicknesses ranging from 100
to 5000 nm. The types of substrates

used for spin-coating include carbon-coated glass
coverslips, cleaved sodium chloride
crystals,

and carbon-coated cleaved sodium chloride

solution onto the substrate
substrate or
latter

by coating

was done by

crystals.

Deposition of the

either allowing drops to fall onto the spinning

the entire substrate with the solution before spinning.

The

of these two techniques was observed to yield more uniform
coating of the

substrate.

The
work

description of the spin-coating procedure employed in this dissertation

as a rapid solvent evaporation process

which are now described.

When

is

based on other experimental conditions

spinning the solution coated substrate, the spinning

speed was typically 5000 revolutions per minute (rpm) and the spinning time was

60 seconds. All of the spin-coated samples were prepared

Headway Research EC101

at

room temperature on

a

spin-coater located in the Microelectronics Laboratory in

the Materials Science and Engineering Department at the Massachusetts Institute of

Technology

(M.I.T.).

There was no apparatus

to maintain a constant

vapor pressure

of the solvent during the spin-coating process. In fact a solvent removal vacuum was
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present directly beneath the specimen.
Hence, the solvent was noted
to evaporate very
rapidly
10 seconds), i.e. much more quickly than
the minutes required during
the

«

covered slow solvent evaporation process
described

in Section 4.2.2.1.

evaporation time for the spin-coating
method was also approximately

The

1()4

solvent

times

shorter than the evaporation time in
the procedure used to prepare
thick films.

Following the spin-coating process, some of
the samples were then annealed

on the substrates
annealing in a

to

promote the equilibrium microdomain morphology.
Thermal

vacuum (10-3 Torr) oven

at

temperatures of

1

15 o C for various times

were used. The unannealed and annealed spin-cast
films were then prepared

for

TEM

examination.

The copolymer

films

were

first

floated onto the surface of a distilled
water

bath by dissolving the sodium chloride substrate,
or by dipping the carbon-coated
glass coverslip at a grazing angle into the water
bath.

copolymer

film, with or without an underlying

collected on a fully cured

were then stained

in

The unscored,

floating

carbon support film, was then

epoxy plug. The epoxy plugs with copolymer films on top

Os04 vapors

for

4 hours. For added support during cryo-

ultramicrotomy, some of the thin films mounted on the epoxy plugs
were further

embedded

in

epoxy. As discussed before, the

performed prior

The

to

embedding

thin films supported

on or

Os04

staining procedure

must be

in

epoxy

in

epoxy were then cryo-ultramicrotomed

to prevent swelling of the

copolymer

film.

into thin

(50-100 nm) cross-sections and collected onto copper grids by methods identical
those described previously.
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to

4.3 Surface Analysis Techniques

Once

the block copolymer samples were
cast and annealed, suitable
samples

were prepared for the various surface analysis
techniques employed.
description of the four experimental techniques

TEM, LVHRSEM, and AFM

4.3.1

X-Ray

now

in this dissertation:

XPS,

given.

Photoelectron Spectrometry

Although

PB

is

employed

A brief

XPS

could not be used to differentiate between the unstained
PS and

or PI blocks and, therefore, allow compositional
anaylsis of the surface,

used to investigate the cleanliness of the samples

Physical Electronics 5100 Spectrometer with an Al

operated with the assistance of Mr. Jack Hirsch

(UMASS), Amherst,

to obtain spectra of the

be investigated.

to

K a excitation

at the

A

(300

XPS was

Perkin Elmer-

W)

was

University of Massachusetts

annealed and unstained copolymer

samples.

During the early stages of this dissertation work, a mold-release agent,
dichloro-dimethylsilane,
casting dishes. Typical

was used

XPS

to facilitate

removal of the thick cast films from the

spectra of the surface of these samples indicated a

surface region rich in silicon and oxygen, as well as carbon.
silicon to

one oxygen

to

two carbons,

poly(dimethylsiloxane) (PDMS).

A

dimethylsilane mold-release agent.

for the outer 3

likely source of the

Upon exposure

to

atmosphere the dichloro-dimethylsilane polymerizes
oligomers.
at

The

20 °C [181],

nm,

critical surface tension

of

as seen in Table 4.9, and

PDMS

is

is

is

The atomic

ratio of

exactly that of

PDMS

is

the dichloro-

water vapor present in the

to

form low molecular weight

given as approximately 24

even smaller for oligomers. This
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one

mN/m

critical

surface tension

is

much

P2VP homopolymers

smaller than typical critical
surface tensions for PS, PB,
PI, or

and, therefore, surface
segregation of these oligomers

is likely.

Subsequent samples prepared without
mold-release agent were analyzed
by

XPS and

the results indicate only a slight

amount of silicon contaminant present.
Surface

migration of siloxane-type impurities

a

is

common problem that plagues

the

experimental investigator [183].

4.3.2 Transmission Electron Microscopy

The majority of the
discussed in Section 4.2,

results to

be discussed rely on the use of TEM.
As

TEM investigation of the surface and thin film morphology

of block copolymer specimens requires the
preparation of thin specimens. For TEM
through-film projections along the thickness direction,
the films are prepared from
dilute solutions.

However, for cross-sectional TEM, cryo-ultramicrotomy

necessary. Staining of the specimens

is

also necessary to provide

is

mass thickness

contrast between the block domains.

During the course of this dissertation work, three
investigate the near-surface morphology.

At

mode

using a 50

kV in

objective aperture to examine the sections.

Two

was operated

microscopes were employed

at

at

M.I.T.

the

One

equipped with a tungsten filament, while the other had a lanthanum-

hexaboride (LaB^) filment and a high resolution pole piece. In the
microscopes, the objective apertures most

20

to

100

JEOL 200CX TEMSCAN electron
200CX was

were used

UMASS, a JEOL 100CX TEMSCAN

electron microscope equipped with a tungsten filament
bright field

TEMs

urn. Operating voltages of either 100

200CX TEMs depending upon

200CX

commonly used had diameters

kV or 200 kV

were used on the

of 10 and

JEOL

the thickness of the sample being examined. For
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thinner films, the microscope

was operated

at

contast, while for thicker films, a
voltage of

100

kV

since this improved the image

200 kV was employed so

that

more

electrons could penetrate the specimen
and yield a higher intensity image.

The

accurate determination of the size and
packing of the microdomains in the

near-surface region required the use of a

tungsten filament microscopes, the

only

±

150 could be performed

As seen

pole-piece.

tilt

in the

tilt-rotate

specimen holder. In the two

angle could be varied by

LaB 6

± 60<>,

while

tilts

TEM equipped with a high-resolution

in Figure 4.3, accurate determination
of the thickness,

planar surface layer of the lower surface
tension

B

block requires

tilting

Ax, of a

of the film

section about an axis parallel to the external
surface so that the incident electron
direction

is

parallel to the near-surface

IMDS

between the

images were recorded on Kodak SO-163 image plates
on

4.3.3

Low- Voltage High-Resolution Scanning

While not extensively used,
near- surface

of

beam

B and A blocks. TEM

all

three microscopes.

Electron Microscopy

LVHRSEM was also employed to investigate the

morphology of some of the block copolymer specimens.

In order to

provide secondary electron emission contrast for the images, surface
staining with

OSO4 vapors

for

24 hours was employed. Regions which

are higher in

PB

or PI

content will yield more secondary electrons (SE) because of the presence of
in these regions.

and the contrast

Hence, in
is

SE LVHRSEM images

these regions will appear bright

opposite that observed in bright field

low-voltage operating conditions (~

1

the coating of the surface of the block

TEM images.

kV) were used, sample charging
copolymer specimens with a

palladium.
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osmium

Even though
necessitated

thin layer of gold-

The

investigation of the near-surface

samples was performed

in collaboration with

Wright-Patterson Air Force Base.

equipped with a

morphology of the block copolymer

field emission

Ms. Deborah Vezie using

A Hitachi S-900 immersion lens HRSEM,

gun (FEG), was operated

images. The microscope was also equipped
with a

allowed for

P/N

tilting

of ±

facilities at

at

-

tilt-rotate

1

kV to obtain

the

SE

specimen holder which

LVHRSEM images were recorded on Polaroid Type 55

40<>.

film.

4.3.4

Atomic Force Microscopy

AFM provides information on the topography of the surface and no sample
preparation besides casting and annealing

Os0 4 staining procedure on
is

is

necessary. Moreover, the influence of the

the surface topography could be studied, since
no

Os04

necessary for image contrast.
Investigation of the topography of the thick copolymer films

was done

collaboration with Dr. John Reffner and Dr. Brian Annis, using
facilities at

National Laboratory.

in

Oak Ridge

A Digital Instruments Nanoscope II, configured with an AFM

attachment, was operated at ambient conditions by measuring the vertical
deflection of
a silicon-nitride tip (50-100

nm diameter)

as

it

was scanned

horizontally over the

surface while maintaining a constant positive or negative contact force of a few nN.

Images are produced by mapping the
of horizontal position.

vertical displacement of the

A linear grey scale is

the intensity. Contrast in the images

is

used

probe as a function

to relate the vertical

therefore related to the relative height of the

external surface. For the images presented in this dissertation, white

represent the peaks and black

is

displacement to

chosen for the valleys.
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is

chosen to

Table 4.1

Monomers and
Involved in

the

pK a

Values for the Conjugate Acid of
the Anion
the Propagation of Each
Monomer (Adapted from Quirk

Monomer

pK a

Dienes

43

Styrenes

41-42

Acrylonitrile

32

Methacrylic esters

27-28

Siloxanes

10-14

Characteristics of the Linear

Sample

Name

M n (PS)
in

kg/mol

M n (PB)
in

SB and BS Diblock Copolymers.

wt%(PB)

vol%(PB)

kg/mol

Bulk

Morphology

SB

10/10

12.0

9.9

45.3

49.6

lamellae

SB

20/20

20.5

20.5

50.0

54.4

lamellae

SB

40/40

42.3

45.4

51.8

56.1

lamellae

SB

80/80

81.0

74.5

47.9

52.3

lamellae

SB

10/23

10.2

23.7

69.9

73.4

PS

cylinders

BS

10/23

22.2

9.0

28.8

32.5

PB

cylinders

BS

10/40

42.0

10.3

19.7

22.6

PB

cylinders

SB

10/65

10.7

63.1

85.5

87.5

PS spheres

BS

10/65

56.8

10.9

16.1

18.6

PB

spheres

151.4

22.6

13.0

15.1

PB

spheres

BS 28/185
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et

Characteristics of the Linear SI and IS
Diblock Copolymers.

M n (PS)

Sample

Name

in

M n (PI)

kg/mol

in

wt%(PI)

vol%(PI)

kg/mol

Bulk

Morphology

SI 42/83

42.2

82.6

66.2

69.6

PS obdd

IS 10/21

21.3

10.0

32.0

35.4

PI obdd

IS 19/44

44.2

19.5

30.6

34.0

PI obdd

Table 4.4

Chlorosilane Linking Agents Used to Create Star Diblock
Copolymers
and Their Theoretical Linking Functionalities (Adapted from
Quirk e t
al.

[172]).

Linking Agent

Theoretical
Functionality

CH 3 SiCl 3

3

SiCl 4

4

Cl2(CH 3 )SiCH2CH 2 SiCl3

5

Cl 3 SiSiCl 3

(Cl 3 SiCH 2

or

Cl 3 SiCH 2 CH 2 SiCl 3

6

Si(CH 2 CH 2 Si(CH 3 )Cl2)4

8

Si(CH 2 CH 2 SiCl 3 ) 4

12

CH 2 ) 3 SiCH 2 CH 2 Si(CH 2 CH 2 SiCl 3

119

)3

18

Characteristics of the Star SI and IS
Diblock Copolymers.

M n (PS)

Samnlp

Name

in

(SI 10/23)4

kg/mol

in

wt%(PI)

vol%(PI)

kg/mol

Bulk
iviorpnoiopy

10.0

23.3

70.0

73.1

PS cyl/obdd

10.0

23.3

70.0

73.1

PS

26.4

17.6

40.0

43.8

lamellae

(SI 10/19)
18

10.0

18.6

65.0

68.5

PS obdd

(IS 15/47)!
g

47.0

14.8

24.0

26.9

PI obdd

(IS 23/10)j
8

10.0

23.3

70.0

73.1

PS

30.0

7.0

19.0

21.4

PI cylinders

(IS 23/10)4

(SI 26/1 8)
18

1

mnv r v

(SI 30/7)i8

Table 4.6

Characteristics of the 82

Sample

Name
(SB 10/19) 8 2

M n (PS)
in

kg/mol
10.2

Arm Star SB

M n (PB)
in

120

cylinders

Diblock Copolymer.

wt%(PB)

vol%(PB)

64.8

68.7

kg/mol
18.8

cylinders

8
15

>

8

*0

>

s

<N

>

1—

g/mo

c
c

o

o

%

-a

s

-a

<N

(N

0Q
00
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Table 4.8

Solubility Parameters for the
Homopolymers in the Block
and for the Casting Solvents (from Brandup

Copolymers
and Immergut [175,176]).

Homopolymer

8 (caVcm3^0.5

PS

8.5

nn
rr>

-

9.9

8.6

PI

7.4

-

8.4

P2VP

10-12

Solvent

8 (cal/cm3)0.5

toluene

8.9

tetrahydrofuran

9.1

Critical Surface

Dissertation

Tensions for the Homopolymers Relevant to

Work.

Homopolymer

yc (mN/m)

PS

36 [1811

PB

31,3211811

PI

30,31 [1811

-46

P2VP

PDMS

[182]

2411811
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this

(CH 2 - CH -)

n + HSi(CH 3 )Cl 2

}

(C H 2 - CH-)

CH 2

CH 2
I

CI

-

Si - CHo
t

CI

Figure

4. 1

Synthetic scheme used to prepare the perhydrosilylated

poly(l,2-butadiene) linking agent for the 82 arm star
diblock copolymer. From Roovers et al. [173].
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SB

Figure 4.2

Schematic showing the orientation of the sample and the diamond knife
during cryo-ultramicrotoming.
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CHAPTER 5

INFLUENCE OF AN EXTERNAL SURFACE

CONSTRAINT

LINEAR DIBLOCK COPOLYMERS
CONTAINING
POLY(STYRENE) AND POLY(BUTADIENE)
BLOCKS

In this chapter, the influence
of an external surface constraint on
the

microdomain morphology and macromolecular
conformations of linear
poly(styrene-b-butadiene) (SB) diblock copolymers
will be examined by crosssectional

TEM. The

use of

LVHRSEM and AFM to investigate the surface of a

diblock copolymer containing lamellar
microdomains will also be discussed. All of

copolymer samples investigated have thicknesses
of approximately one mm, or
roughly 10 4 times the typical dimensions of
the microdomain morphology. The
the

chapter

is

divided into sections based on the bulk
microdomain morphology of each of

the samples. Hence, Section 5.1 discusses
the near-surface microdomain morphology
for samples containing alternating lamellar
microdomains, while Sections 5.2 and 5.3

discuss samples containing cylindrical and spherical
microdomains, respectively, in
the bulk. Results for linear diblock copolymer
samples exhibiting the

microdomain morphology
the results for the linear

5.1

are included in Chapter 6. Finally, Section 5.4

SB

summarizes

diblock copolymers.

Diblock Copolymer Samples Containing Lamellar Microdomains

As

obdd

in the

Bulk

discussed previously, the majority of studies investigating the surface

composition and morphology of amorphous

/

126

amorphous

linear diblock copolymers

have involved nearly
symmetric

^position,

the bulk

a. equtlibrium.

^„ ^ ^
copo]ymers

such (

morphology should

The presence of a two-dimensional

external surface constrain,

therefore,

prompts several questions for
block copolymers forming
ahemating
lameUar microdomains. Are the
re preferred

orientations of the alternating
lamel.ar

nucrodomains

Smce

the

in the near-surface region

two blocks have

to place the

and what factors contro.
these orientations^

different surface tensions,
does the enthalpic driving f„
rce

lower surface tension block

at the external surface,

coupled with the

immiscibitity of the two blocks,
result in the formation of
a surface layer of the lower
surface tension block? If such
a layer is present, then how
are the macromolecular

conformations of the chains in
beneath

this layer

this layer

and the covalently bonded chains

in the

phase

perturbed from the bulk state?

In order to discuss the
perturbation of chain conformations,
the key

morphological descriptors defined in
Chapters 2 and 3 will be employed.
For diblock

copolymers which form alternating lamellar
microdomains,

it

is

also necessary to

define the orientation of the lamellae
in the near-surface region.
The orientation

given by the angle, e, which

normal

is

defined in Figure 5.1 as the acute angle
between the

to the alternating lamellae,

for parallel lamellae,

Ml. and

the local surface nornial,

SB

Ms- Therefore,

e = 0° and for perpendicular lamellae, 0 = 90°.

Four nearly symmetric SB diblock copolymer
samples which
are designated as

is

10/10,

SB

20/20,

SB

40/40, and

SB

will be discussed

80/80. Characteristics of the

diblocks were given in Table 4.2 and the
sample preparation procedure was discussed
in Section 4.2.1.

The

orientation of the alternating lamellar

microdomains in the near-

surface region of each of the samples was
determined by cross-sectional

and typical micrographs are seen
molecular weight

SB

in Figures 5.2

-

5.5.

TEM results for the lowest

10/10 sample indicate that roughly

127

TEM analysis

90%

of the lamellae in the

near-surface region are
parallel ,o the external
surface.

lamellar onentation

However,

SB

for th e

closer ,o 90 o

is

seen for the

SB

20/20.

SB

10/10 sample marked
with epoxy

40/40, and

a. more com m only

SB

80/80 samples, lamel.ar

SB

40/40 and stained-only

are seen in Figures
5.4 and 5.5, respectively.

molecular weigh, of the copolymer.
Fig ure 5.3 shows
perpendicular lamellar orientations

A

strengths (S) of
± 1/2

.

The

et al. [21

may

SB

80/80 samples

be observed

how

in the

incase

in the total

both parallel and

SB

20/20 diblock

results in the formation of

wedge

similarity of defects found in
block

lamellar microdomains, and

Dlugosz

orients

gradual bending of the .ame.lae
in the space between
the

and perpendicular regions

parallel

Figure j 2

TV decrcase in the amount of lameHae

parallel to the external
surface, therefore, follows
the

copolymer sample.

in

observed. Regions with
near-petpendicu.ar

lameHar orientations for
epoxy-coated

onented

The dominant paralle|

in

disclinations with

copolymers with

smectic liquid crystals, has been
noted previously by

J.

While cross-sectional
ultramicrotomy of

many

TEM

analysis provides direct

measurement of G, cryo-

sections must be performed to obtain

good

statistics

on the

near-surface orientation of the lamellar
microdomains. In this dissertation work,
cryo-

ultramicrotomy of a number (typically 10-20)
of thin cross-sections from each
sample,

where ideally each cross-section contains
0.2
allows for

sample.

TEM investigation of several mm along the external surface of

An

alternative technique to

microdomains

stained with

the

examine the orientation of

in the near-surface region

technique was employed on

(Au-Pd)

mm of length along the external surface,

Os04

for

SB

much

larger areas

40/40 diblock samples

24 hours and then

to eliminate charging.

over

the lamellar
is

LVHRSEM.

This

which the surface was

lightly sputter coated with gold-palladium

LVHRSEM results

dominance of nonparallel lamellar

in

each

for the

SB

40/40 samples confirm

orientations over sampling areas of a

I2S

few

V fc lameIIae werc oriented

square microns.

umform

contrast in the

LVHRSEM images wouid be expected

However, Figure 5.6 shows

alternating light

s.milar to the lamellar
spacing of 60 n

^

^

m sen in Figure 5 4

lamellar repeat determined
by

SAXS. While me PB

myographs because of the enhanced
phase, the

PB

enhanced SE yield due

when

the incident electron

osmium

beam

is

,

similar ,„ , 59

due

Os04 sunning of

to

in the

PB

phase.

the

PS and PB lamellae

perpendicular to the lamellar normal
can be seen

changes

When

in the

the area in Figure 5.7a

contrast between the

two domains

fixed escape depth of the SE.

and Os04 stained

PB

material

microdomain

size

schematic in Figure 5.8 shows

when

the incident electron

PB

in the

When

4 0 o about the axis

the incident electron

SE escape

beam

is

For samples which have

for this

is

the

no longer

through regions which include
PS

the projected intensity in a

beam and

indicated,

The reason

similar to that which occurs in

how

no longer

lamellae, as well as a reduction
in the

becomes more of a problem. The
is

is

LVHRSEM images shown in

are noted in Figure 5.7b.

perpendicular to the lamellar normal,

variation in

is tilted

apparent size of the PS and

is

perpendicular ,„ the lamellar
normal.

Loss of contrast between alternating
lamellae when the incident
beam

Figure 5.7.

TEM

LVHRSEM images because of the

LVHRSEM images, maximum contrast
between

In

obtained

to the presence of

rcgions

lamellae appear dark in

scattering of electrons

lamellae appear bright in

^ ^^

from

^

dark regions
.

•his

^^^ ^

^

paraiid to

the lamellar normal are

loss

of contrast and

TEM projections.

The

TEM image changes

no longer petpendicular.

large, flat areas, the incident
electron

beam direction

can easily be oriented along the surface
normal. In such a case, determination
of the
orientation of the lamellae in the near-surface
region

is

possible from a measurement

of the lamellar repeat along the surface,
ds

in

Figure 5.1, measurement of d
s

by

LVHRSEM, combined

.

As seen

with a knowledge of the lamellar repeat,
L, from
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TEM or

SAXS,

allows for the determination
of 9, since

for samples with
local surface

periodicity

mugh

normal

is

sorfaces

(i.e.

0 is given by arcsin(L/d

s ).

However

the angle between the
incident probe and the

no, always zero)
deductions of

6 from changes in image

become problematic.

In addition to the lamellar
orientation, the external
surface topography of the
thick, solvent cast

samples containing lamellar
microdomains was also investigated
by

several surface analysis
techniques.

Over length

scales similar to the lamellar
repeat,

regions in which the lamellae
are oriented parallel to
the external surface showed
planar external surfaces, where
H(surf) = 0 purl (see Figures
5.2 and 5.3), when

examined by cross-sectional TEM.
However,

cross-sectional

TEM results indicate

non-planar surface topography for
non-parallel lamellar orientations

A one-dimensional periodic corrugation of the

surface.

for

SB

these

40/40 and

two

SB

80/80 samples in Figures 5.4 and

electron

beam

is

may be

5.5, respectively.

While

is

shown

surface, in

was

preparation for

best seen

when

in

to the plane of the

the incident

which the corrugation of the external surface

is

very

in Figure 5.9.

The corrugation of the
orientations

is

seen

not parallel to the plane of the external
surface. Such an oblique

view of the external
apparent,

external surface

TEM micrographs the incident electron beam is parallel

external surface, the corrugated
surface structure

at the external

external surface for the non-parallel lamellar

also investigated

AFM,

with cross-sectional

by means of AFM. Because of the ease of sample

the topography could be explored over

TEM.

Figure 5.10 shows an

much

larger areas than

AFM image of an Os04 stained SB

40/40 sample. Typical heights of the one-dimensional external
surface corrugations
varied from 1.5 to 4.0 nm. These values are
somewhat lower than the typical 6 to

12

nm values determined by cross-sectional TEM.

coupling of the lamellar

tilt

The

differences

may

be due to a

angle and corrugation height or due to the convolutional
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fp. Since the 60 „
.he

30 „ m buIk

m radius of curvature „

PB

lamellar repeat,

u

^

^ Am
^
^ ^ Up cannw ^

is likely

.

^

probe

corrugation height.

Besides measurement of the
height of the corrugation,

it is

also i mportant t0

note the periodicity of the
surface corrugation.
Measurement of corrugation
periodicity

by cross-sectional

0, of the .ameOae

TEM or AFM can be used to estimate

in the near-surface
region.

than the pianar surface
depicted in Figure 5.!,

corrugation periodicity, X, and

While cross-sectional
and

L by

If

a corrugated externa,
surface, rather

is

assumed, then

L

or

X and

becomes greater man

TEM provides direct measurement of

repeats measured from

measured from

L,

1.5 for

0 is related to the

arcsin(LA).

AFM images allow estimates of 0 over much

between d s and

it

is

larger areas.

© less than 42".

0,

Given

apparent that the ratio of d to
s

LVHRSEM

the orientation

L

or

the relation

X

to

L only

Since most of the surface
lamellar

images and the surface corrugation

AFM images were nearly identical to the bulk lamellar

suggests that the average value of

LVHRSEM

periodicities

repeat, this

0 is close to 90», as the cross-sectional TEM results

indicate.

An

additional feature of the

AFM studies was the ability to examine unstained

block copolymer samples. Since staining

microdomain morphology

of the

Os04

known

to

modify

[139], such as the lamellar period,

that the surface corrugation
artifact

is

observed by cross-sectional

staining process.

is

indeed

it is

necessary to ensure

TEM and AFM is not an

AFM images of both stained and unstained SB

40/40 samples exhibited surface corrugation, indicating
feature

characteristics of the

real.
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that this

morphological

5.1.1

Comparison

to Previous Investigati
ons

For diblock copolymers
which form alternating lamellar
microdomains in the
bulk, the predominant view
to date is that the
lamellar microdomains are
oriented
parallel to the external
surface. Cross-sectional
thick, unannealed, films
of an SI diblock

524 kg/mol noted

the

copolymer with a

total

dominance of lamellae oriented
parallel

Investigation of an annealed
40
total

TEM results [156]

on 0.1

to

05

molecular weight of

to the external surface

^m thick film of a SI linear diblock copolymer

molecular weight of 21 kg/mol, by
cross-sectional

presence of parallel surface orientations

TEM

and

with a teflon substrate. In
annealed films of selectively
deuterated
to

with a

[157], also indicated the

at the external surface

copolymers with much smaller film
thicknesses, 75

mm

at the interface

SMMA diblock

500 nm, lamellae with

parallel

surface orientations have been
inferred from neutron reflectivity
[94,131] and

secondary ion mass spectrometry
[121]

results.

The

SMMA studies considered

diblocks with molecular weights
ranging from 25 to 302 kg/mol.

However, non-parallel surface
also been observed.

orientations for lamellar

microdomains have

TEM studies of replicas of the external surface of SB diblock

copolymers with molecular weights ranging
from 157-612 kg/mol [154,155] and of an
SI diblock copolymer with a molecular
weight of 524 kg/mol [151] have inferred
the
presence of perpendicular surface orientations
of the lamellar microdomains because

of the similarity of the spacings of surface
sanations to the bulk lamellar period. In
films with thicknesses of less than 200

nm,

TEM projections along the film thickness

direction [165] of annealed thin films of the

same SB 20/20 and SB 40/40 samples

investigated in this dissertation, have

the

shown

dominance of perpendicular surface

orientations in the higher molecular weight sample.
Prior to annealing, lamellae

oriented perpendicular to the external surface were
observed in both samples. Thus

132

upon annexing,

„

orientation of

fc

^^ ^^^^
^

•he externa, surface. This
reorientation process

mo.ecu.ar weigh,

forming

SB

20/20 sample

.

was observed ma in Iy

in the

low

^

„

Results for the surface
orientation of the lamel.ar

SB

dib.ock copoiymers investigated
in this dissertation
arc consist, Wlth
•he genera, .rends of the
other studies. In

one

mm thick films, parallel surface

orientations are seen for the
lower tno.ecu.ar weight
samp.es, whi.e non-para..e.
lamellar orientations are found
for higher molecular
weight

samples.

To date

there has not been any
explanation given for the the
different near-

surface lamellar orientation.,

As

is

known

to be the case in the bulk,
kinetic factors

can influence the microdomain
morphology. In otder ,„ better
understand the nearsurface microdomain morphology,
a description of the micmpha.se
separation pmcess

which occurs during the preparation
of the films must be developed-

5.

1

.2

An

A

Equilibrium Model for the Parallel
Surface Orientation

solution of the

SB

diblock copolymers

the initial concentration of the
copolymers
interactions

is

in the

solvent

is first

prepared, where

given by * o. i„ , his so , ution> the
p

between the styrene and butadiene monomers
are screened by the solvent

molecules such that the effective interaction
parameter between the monomers,
fcff,
is reduced from the bulk
interaction parameter,
Xbu|k Accoraing to the mean-field
.

approximation, the two interaction parameters
are simply related by:

Xeff =

"Pp

Xbulk

(5.1)
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Thus for sufficient .ow

V

the unfavorable

fractions between *e
monomers

screened by the soWen,
molecules and «he system

may

exist in a

disordered state rather than
a microphase separated
state a.

Upon

room

are

homogeneous
temperature.

filling

a casting dish with block
copolymer solution, an initial
so.vent
concentration gradient from
o, in
the solution, to near ^ro,
in the atmosphere

Hp

surrounding the

filled casting dish, is
created.

This concenteation gradient
provides a

thermodynamic driving force for
solvent evaporation from
the
Since solvent can only leave
the

filled casting dish

filled casting dish.

by transport towards the
externa,

surface of the solution, the
concentration of solvent in the
solution must increase from
the surface inwards to the
bulk. This suggests that
will, therefore, be larger
a, the
external surface and this region
will be the

XN *

first to

approach the

critical

value of

10.495 predicted [76] for symmetric
diblock copolymers. Hence,
microphase

separation at the external surface
should precede microphase
separation i„ ,„ e bulk of
the solution.
If the solvent evaporation
process

and the accompanying microphase

separation were to proceed at an
infinitely slow rate, so that
equilibrium was always

maintained, then the fact that the

PS block would
the

PS block

layers of

is

PB

block has a lower

lead to the formation of a

covalently bonded to the

PS and PB

PB

PB

critical surface tension than the

layer at the external surface. Because

block at the external surface, alternating

are expected beneath the layer of

PB

at the external surface.

Segregation of the block having the lower
interfacial tension with the substrate
to the
substrate interface

would

also yield a parallel orientation of the
lamellar

microdomains. Observation of the parallel orientation
of lamellar microdomains
the substrate

is

expected because of

this nucleation at the substrate

at

(due to interfacial

segregation), rather than propagation of the
parallel orientation from the copolymer
/
air interface (external surface) to the

copolymer / substrate
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interface.

5.1.3

A Kinetic Model for the Non-Parallel

In practical systems

wkh

finite

can dominate over
thermodynamics.

Surface Orientation

times of solvent evaporation,
transport issues

When a solvent is present,

the

morpho.ogy

in the

near-surface tegion depends
criticaUy upon the solvent
evaporation process since this
process controls the kinetics
of microphase separation.
It is instructive at this
point to
consider a block copolymer
so.ution which has undergone
microphase separation
the external surface only
and which contains alternating
PS and PB lamellae oriented
either parallel or, for simplicity,
perpendicular to the external surface.

evident, including a variety of
orientations (0°
that

0 - 90°

shown

is

the fastest growth orientation.

in Figures 5.11

<

As

will

be

6 * 90°) does not alter the analysis

A schematic of these two situations is

and5.12.

Because the PS and

PB

blocks have very different glass
transition

temperatures, the solvent will have
different diffusivities within the two
phases. With
a glass transition temperature (Tg)
in the bulk of approximately -70
°c [176], the PB

lamellae should offer a more conductive
pathway than the
in the bulk [176]).

Tg is

Of course when

quoting

Tg values

it

PS lamellae (T. - 105 °C

must also be remembered

a function of the amount of solvent
present in the material,

must leave via

the external surface, the continuity
of the lower

<|>

s.

that

Since the solvent

Tg PB phase must be
,

considered. Lamellar orientations perpendicular
to the surface facilitate the solvent

removal process since the transport path involves
a

When

direct, straight line to the surface.

the lamellar are oriented parallel to the
external surface, solvent evaporation

hindered since the transport path

now

involves a series of slow

microdomains. Those areas which lose solvent the
orientations, will transform

fastest, the

from the solvent-rich mixed

state the fastest since
Xeff will reach the critical value
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PS and

fast

is

PB

perpendicular lamellar

state to the

ordered lamellar

sooner in these regions.

In addition to solvent
evaporetion rate controUing
the growth rate of
the

onentations, the rate a, which
the

bordered

solution

may add

SB copolymer chains in the
homogeneous

to the

microphase separated

the alternating .amel.ae
in the near-surface
region,

SB copolymer, which form

must also be considered. For

perpendicuiarly oriented lamellae
seen in Figure 5.12,

copolymer chains

two

i, is

in the solvent-rich
disordered region to

the

relatively easy for the

add

SB IMDS and

to the

propagate the alternating lamellae
in a direction normal
to the external surface.
The
PB blocks add to the PB lamel.ae and
the covalentiy bonded
PS blocks are added to
the adjacent

On

PS

lamellae.

the other hand, growth of the
alternating lamellar microdomains
in a

direction normal to the external
surface
orientation.

As

seen in Figure

5.

1 1,

a

is

PB

more

difficult for the parallel
lamellar

block

may add

lamellae formed, but accompanying
the addition of the
block. If the area per

SB junction

equilibrium value, which

copolymer from

it is

not

PB

block

along the newly created

IMDS

if

there

is

copolymer molecule must move through a PS

IMDS

is

is

the connected

not at

PS

SB
this

rich layer. Therefore, this geometry

growth of the equilibrium microdomain
morphology.

IMDS. Hence,

PB

its

hindered by the fact that

evident that the growth rate of the lamellar
microdomains
parallel to the

is

solvent present, then diffusion of
an

the disordered solution to the

acts as a barrier to the

to the last half-layer of a

is fastest in

It is

the direction

for growth in the thickness direction
of the film,

i.e.

along the normal to the external surface,
perpendicular rather than parallel lamellar
orientations are expected to dominate.

The

transport argument, given above, to explain the
preferred non-parallel

surface orientation
solution at a

is

only stricdy valid

if

microphase separation occurs within the

polymer concentration smaller than

that at

which the glass

transition

temperature of each of the blocks reaches the temperature
at which the sample
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is

being

prepared. Mori et

al.

[184] have recently used
y u^cu

non-equiUbnum effects on
tn-sttu

SAXS
3aas

tire

Based „„

SI diblock copolymers

copolymer concentration

copolymer concentration for
microphase separation
less

nsr
DSC to investigate possible

the growth of self-assembling
structures.

SAXS investigations of .ameilar forming

solutions as a function of

and

man 20 volume percent. DSC
measurements

a,

a,

room

their

in toluene

temperature, the

room temperature

is

typically

of the glass transition
temperature

of the PS block in an SI
diblock copolymer, as a function
of copolymer concentration
indicate that the glass transition
temperature reaches

room temperature

a,

a copolymer

concentration of 70 to 75 volume
percent. Since the glass
transition temperature of
the PB block is well below
room temperature, even for the case
when no solvent is
present, the

copolymer concentration

at

which microphase separation occurs

is

therefore always less than that at
which the glass transition temperature
reaches

temperature. Hence the recent experimental
results of Mori et

al.

room

[184] support the

proposed transport model.

These ideas can be used

to explain data

on the lamellar

SB

diblock copolymers

presented in this dissertation, as well as
results on other systems. Under
the solvent
casting conditions employed in this
study, growth of non-parallel surface
orientations

of the lamellar microdomains dominated
in the
samples. The only exception was the

SB

SB

20/20,

SB

40/40, and

10/10 sample. Even though

molecular weight sample had nearly the same
solvent evaporation

SB 80/80

this

rate,

lower

roughly

of the lamellae were oriented parallel to the
external surface. However, the

molecular weight of this sample
sample. Hence,
the

same casting

XN

for the

SB

is

approximately one-eighth that of the

10/10 diblock copolymer system

is

is attained.

If the

total

80/80

smaller and under

conditions, alternating lamellae will not form until
a

block copolymer concentration

SB

90%

much

higher

microphase separation process

is

thus delayed, then solvent evaporation should not
have as large of an influence on the
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lamellar orientation in the
near-surface region.

It is

then

M

„ form

^

equilibrium parallel surface
orientation of lamellar
microdomains.

THese ideas may also be used
diblock copolymers in thin film,
diblocks indicated that after

always petpendicular

to interpret

some of the results on

Work by Henkee

initial

e,

al.

[165] on the

lamellar

same SB

solvent evaporation, the
lamellae were nearly

to the external surface.

Tnis

is

consistent with the preferential

growth of perpendicular surface
orientations under rapid solvent
evaporation
conditions.

However, upon annealing, the surface

parallel in the

lower molecular weigh, sample.

orientation

changed

to

mostly

TT,us, as expected, parallel
orientations

are the preferred orientation
at thermodynamic equilibrium.
Reorientation of the

lamellae to obtain this equilibrium
morphology

is

not always possible. Since the

reorientation process involves diffusion,
reorientation

molecular weight samples and

in thin films.

Hence,

is

this

more

likely to occur in lower

explains

why

the thick block

copolymer films of high molecular weight
samples have not undergone
over the

realistic

experimental timescales investigated

reorientation

in this dissertation.

In practical situations, the equilibrium
parallel surface orientation of
alternating lamellar

microdomains

is

not always observed. Even though the
non-

parallel surface orientations are
non-equilibrium, the annealing studies in this

dissertation
state.

work

indicate that they are representative of
a veiy long-lived metastable

Since non-parallel surface orientations of lamellar
microdomains are commonly

observed, they are therefore worthy of investigation.

5.1.4 External Surface Composition

Cross-sectional

TEM results for solvent cast and annealed thick films of the

four lamellar forming diblock copolymer samples indicated
that the
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PB

block always

segregated to the external surface
of the samples.

As seen

in Figures 5.2

-

5.5, the

PB

block forms a continuous surface
layer, regardless of the
lamellar surface orientation.
Of the two blocks present in these SB
diblock copolymers, the values
seen in

Table 4.9 indicate that

PB homopolymer has

homopolymer. Previous

a lower critical surface
tension than

PS

studies of lamellar forming
diblock copolymers

[94,121,131,151,156-162] have noted that the
thickness of a surface layer of
the lower
surface tension block

As seen

PB

in

is

one-half the bulk lamellar thickness
of the surface layer block.

Table 5.1, results from

surface layer,

(PB).

is

L(PB), but depends upon 0.
underlying

SB IMDS, where

such a situation, the
bulk

PB

PB

this investigation indicate
that the thickness

not always one-half the bulk

When

CTj

bulk for

lamellar thickness,

0 = 0<\ a planar external surface and a planar

H(surf)

=

H surf(PB

surface layer thickness

is

lam) = 0

0 = Q0 and this indicates

m

'\

are observed. In

indeed one-half the thickness of the

lamellae and hence, t«urf(PB) = tbulk (PB)

and ajsurf =

PB

of the

similarly, tsurf(ps)

^^

= t bulk (PS)

macromolecular

conformations are not perturbed by the presence of
the external surface constraint, for
this

domain

orientation.

Using a simple model (see Figure

Hashimoto [156] could account

3.7),

Hasegawa and

for the ratio of the PI surface layer thickness
to the PI

lamellar thickness being equal to one-half by the
simple fact that the bulk PI lamella

was composed of one PI block entering from each of the two SI
IMDS bounding

the

lamella, while the planar PI surface layer consisted of
only one PI block entering from
the single SI

IMDS

beneath the PI surface layer.

For non-zero values of 0, cross-sectional

TEM and AFM images indicate a

one-dimensional corrugation of the external surface resulting from the presence
of a

PB

surface layer on top of the

PS lamellae with

Figure 5.4 for example). Accompanying

bonded PS block. This

this

non-parallel surface orientations (see

PB

surface layer

results in a "capping" of the

139

is

the covalently

PS lamellae and hence,

the one-

dm.ensional corrugation of the
external surface. As
seen
layer tlucknesses for
non-zero

bulk

PB

in

Table 5.1, the

0 values are significantly smaller than

lamellar thickness. Hence,
the

PB

PB

surface

one-half the

chain extension away
from the

SB IMDS

seen to decrease in the
presence of an external surface
constraint. Typical
values
for the ratio of t surf(PB)
t0 t bulk (PB)
«.

r

PB cham

extension

away from

the

^^

SB IMDS

Q

,

^

^

^

are larger as the value
of

^

^

0 increases

Since results from the bulk
lamellar microdomain morphology
of block copolymers
have indicated that the chains are
significantly stretched in a
direction normal to the
planar IMDS, compared to their
Gaussian coil dimensions
[69-71], for non-parallel
surface orientations the presence
of an external surface constraint
actually relaxes the
PB chain stretching away from the

SB IMDS.

5.1.4.1

A Simple Model for Non-Parallel Surface

Orientations

In order to further discuss the
perturbation of chain conformations
for nonparallel surface orientations of
lamellar

model

for such orientations.

oversimplifications,

it

microdomains,

While the model

is

it is

necessary to construct a

not truly representative and contains

allows useful predictions in the trends
of important

morphological descriptors such as the area per
junction along the IMDS,
extension of the chains

away from

the

IMDS. For

oj,

and the

simplicity in the calculations, a

perpendicular lamellar orientation,

0 = 90<>, is assumed. When viewed in cross-

section along the planar

a three-dimensional system with both

SB IMDS,

PS and PB

lamellae present at the external surface gives
the two-dimensional projection seen in

Figure 5.13a. In Figure 5.13b capping of the PS
lamellae to reduce the

energy of the system

is

total surface

shown. The PS cap and the connected surface layer of

modelled as portions of concentric cylindrical caps with
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radii

of

R cap and

PB

are

(Reap + tSurf( pB)). The actual

TEM micrographs

example) show a gradual change

in the

mean

(see Figures 5.4

curvature of the

and 5.5 for

SB IMDS

in

approaching the external surface.
The model shown in Figure 5.13b
assumes an
abrupt change in mean curvature.
Along the bulk lamellar IMDS, H
bulk (PS lam) =
0 Marl, while

^

the near-surface

IMDS,

H surf(PS

lam) =

-

^

r^—
m-l
2K
cap

according to convention adopted for
the sign of the
curvature of the

IMDS

decreases (although

mean

curvature, the

IHI increases) for

mean

lamellar microdomains

oriented perpendicular to the external
surface.

From

this

model, the change

accompanies the decrease
per junction along the
basis

in

IMDS

volume divided by

the

mean
is

in the area

curvature of the

IMDS

the interfacial area divided by the basis
volume.
is

J

In the

model shown

Cc is

near-surface

the

Along

the bulk lamellar

is

t0 be:

2M(PS)
(5

L(PS)

in Figure 5.13b, Oj surf(PS

lam)

is

'

2>

given by:

^^

SB IMDS and A cap (PS)
PS

first is

volume, while the second

the length of the portion of the cylinder of radius

perpendicular

that

in this

determined by Equation 2 9

PPSN Av

TO* -o
where

=

IMDS

can be estimated. The area

.

ajbulk (PS lam)

along the

given by the product of two terms. The

number of junctions

microdomains, Ojbulk (PS lam)

SB junction

per

lamellae. For the

is

the area of the

model shown
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R cap which

PS cap on

in Figure 5.13b,

forms the

top of the

Cc is given

by the

product of

^

and a, while

Acap (PS) is given by:

(5.4)

With a

«rcu.ar (or hemi-cylindrical in three dimensions)

lamellae (R
cap

=

-

),

thc ratio of OjSurf(PS lam)

also relatively easy to calculate the
ratio of tSurf(PB)

cap on the PS

w 0jbulk(pS lam) is tWQ
w

t

bulk (PB)

when

„k

^ ps

cap

semicircular. If the volume or area
fraction of PB in the caps on
the PS lamellae

assumed

to be the

same

as the

volume or area

fraction of

PB

in the bulk,

L(PB) + L(PS)

(5.5)

or alternatively:

4KPB) =

[(

^

±

MESl +
f)(

„

I

<M>

tSurf(pB))2]

^

Use of these equations and
calculate that:

—

-

the fact that the

L(PB) = 2 t bulk (PB) allows one

11^

142

is

(PB) is

then

given by:

<KPB) =

h

to

(5.7)

Over

the typical bulk lame.lar
composition range of 38 to
68

the ratio of

„

respectively.

Thus

s-mple model

away from

is

the

bulk (PB)
t

is

calculated

„

^^^^

volume percent PB

for semi-circular caps
on perpendicularly oriented

able to capture the significant
decrease in the

SB IMDS

that is

5.1.4.2 Extension of the Simple

PB chain extension

Model

for Non-Parallel Surface
Orientations

in the

previous subsection was able
to

capture the experimentally measured
decrease in the extension of the

SB IMDS, closer examination

indicates that projections of the
less than that

i.

i

2

ajSurf

(

p S lam)

this also

t

means

to

.

PS caps on top of the PS

ajbulk^s lam) Because

that tSurf(p B )

the

from the

) is

the

(he cap

^

is less

IMDS

^

and

PS caps

^ ^^

^

^

ratio

of l™*(PB) to

IMDS

than a semi-circle,

In the

it

is

also possible

model with semi-circular caps,

reaches to the midplane of the perpendicular

given as the radius of the cap .which

is

would be no change

of the PS chains

in the extension

even though the SB junctions are further

projected area of the

away from

is

there

IMDS

PS caps

PS chain conformations.

lamellae. Hence, tsmf(PS)

bulk( PS

must be greater than

3fi

each of the PS chains along the

t

lamellae actually have areas

must decrease and, hence, the

If the projected area of the

comment on

block away

This yields a value greater than two
for the ratio of

bulk(pB) mus(
te , ess (nan Q

to

PB

of the micrographs in Figures
5.4 and 5.5

of a semi-circle. For such a case,

"MPS)
r
Ve is less than

lamellae, the

measured experimentally.

While the simple model discussed

from the

PS

[33,

is less

than

\ [^^]2,

apart.

Since

However, when the

the extension of the

PS chains

decreases, except for the chains at the edge of the caps. Thus,
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PS

the data also suggests that
the stretching of the

when

relaxed

the

SB IMDS

is in

the near-surface region.

of the area per junction along
the

from the
of the

IMDS

IMDS

5.1.4.3

IMDS

will involve further

in the

Summary

PS chains away from

the bulk

Improvement

and the extension of the
PS and PB chains

modelling of the variation

in the

mean curvature

presence of an external surface
constraint.

for Non-Parallel Surface
Orientations

key points are noted. Based on
cross-sectional

curvature of the

SB IMDS

simple model of the
curvature as

iIS

in the estimate

For alternating lamellar microdomains
with non-parallel surface
three

IMDS

IMDS

H surf(PS

lam)

is

seen to decrease from

in the near-surface

TEM

orientations,

micrographs the mean

H bulk (PS

lam) = 0 n

m -l. A

region allows one to estimate the

- jj- (1*1, where Rcap

is

typically less than

L(PS) f
for the SB 80/80 diblock sample).
(
Modelling of the decrease
2

mean

20

nm

.

curvature allows calculation of a significant
increase in the area per
the

IMDS. Because

along the

SB IMDS

the
to

in the extension of the

and

is

SB junctions

maintain uniform density in the

PB

chains

away from

also experimentally observed.

IMDS

is

in the

PB

are further apart, the

the

PB

SB IMDS

PB

in the

SB junction

along

chains must collapse

surface layer.
is

mean

A decrease

predicted by the model

The extension of the PS chains away from

the

also predicted to decrease. Based on the
experimentally measured decrease

chain extension

spac ing between the

SB

away from

the

SB IMDS

and the calculated increase

in the

junctions, perturbation of the diblock copolymer chain

conformations by the external surface constraint
lamellar orientations in the near-surface region.
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is

clearly evident for non-parallel

I

n.ese conclusions for the non-parallel
lamellar
those of

Hasegawa and Hashimoto on

orientations are different than

lamellar SI diblocks
[151,156]. While these

authors did observe non-parallel
orientations, they stated
that the thickness of the PI
surface layer was always one-half
the bulk P, lamellar
thickness. With these

results in

mind, they also concluded that the
area per junction along
the SI
in the

IMDS was

identical

bulk and beneath the PI surface
layer. Careful inspection
of their micrographs

reveals that not

all

of the non-parallel PI lamellae

in the near-surface
region contact

the PI surface layer. In these
non-contact regions, the PI surface
layer thickness

approximately one-half the bulk PI lamellar
thickness, similar

0 = fjo.

However, a much thinner PI surface layer

lamellae directly contact the PI surface
layer, as

SB

diblock copolymer work discussed

is

is

to that

is

observed when

evident in regions where PI

the case for the

in this dissertation.

Hence

PB

lamellae in the

for diblock

copolymers which form alternating lamellar
microdomains, the area per junction
along the

IMDS

is

not fixed but can vary in the presence of
an external surface

constraint.

5.1.5 Conclusions

Although alternating lamellae with orientations

parallel to the external surface

minimize the perturbation of macromolecular conformations, since
key morphological
descriptors such as the

away from

the

mean

IMDS, and

curvature of the

IMDS,

the extension of the block chains

the area per junction along the

IMDS

are identical in the

bulk and near-surface regions, in practical situations such orientations
are not always
observed. Because of the finite times of solvent evaporation used to prepare
the

samples, transport issues can dominate over thermodynamics. Larger growth rates
of
the lamellar

microdomains along the direction of the
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IMDS

and enhanced solvent

removal favor non-parallel surface
orientations of lamel.ar
microdomains. While
minimization of the surface energy
by segregation of the lower
critical surface tension
block was observed, even for the
non-planar orientation, measurement
and calculation
of the key morphological
descriptors reveals that the chain
conformations are more
perturbed in the case of

5.2 Diblock

0 ~ 90°.

Copolymer Samples Containing Cylindrical
Microdomains

Bulk

in the

For diblock copolymer samples containing
cylindrical microdomains there
are

two

different situations to consider. In
one case the lower surface tension block

minority component and forms hexagonally
packed cylindrical microdomains

is

the

in the

bulk, and in the second case the lower
surface tension block forms the matrix

surrounding hexagonally packed cylindrical
microdomains of the higher surface
tension block. Unlike the case for lamellar
microdomains in which the

minimum

perturbation of the chain conformations and
hence the equilibrium microdomain

morphology was

for parallel surface orientations of the
lamellar microdomains, the

equilibrium near-surface morphology for samples
which form cylindrical

microdomains

make some

is

not obvious. However, on the basis of kinetic
factors

it is

possible to

predictions for samples containing cylindrical microdomains.

If similar

arguments

to those

used for the growth of lamellar microdomains

during solvent evaporation are constructed for diblock
copolymers containing PS and

PB

cylindrical microdomains, then one expects that the

more conductive PB phase

should be oriented so as to maximize solvent transport through
external surface. In the case of a

BS

this

10/23 diblock copolymer which forms

cylindrical microdomains, a continuous path to the external surface

when

phase to the

is

PB

only maintained

the axes of the cylinders are directed towards the external surface. For growth
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of the microdomains in the film
thickness direction,
higher growth rate because the

IMDS

is

this orientation

should also have a

continuous in the direction
towaras the

external surface.

The two
an

SB

kinetic factors

do not exclusively favor one

particular orientation for

10/23 diblock copolymer which forms PS
cylindrical microdomains in
the bulk.

While transport arguments favor
orientation of the axes of the

PS

specific orientations of the

IMDS, and hence

cylinders with respect to the external
surface, based

on solvent transport there should not be any
preferred surface

PB phase forms
solvent escape

the matrix surrounding the

is

the

PS

orientation. Since the

cylinders, a conductive

pathway for

maintained, independent of the orientation of
the axes of the PS

cylinders.
In addition to the obvious difference in
the bulk

these block copolymers, the critical value of

occurs

is

at

which microphase separation

different for cylindrical than for lamellar forming
diblock copolymers.

According
critical

XN

microdomain morphology of

to Leibler's

value of *N

WSL theory [76], for symmetric diblock copolymers the

is 10.5.

As

the composition of the diblock

from the symmetric composition, Leibler predicts an increase

copolymer deviates

in the critical value of

XN. Hence for a symmetric and an asymmetric SB diblock copolymer, each having
the

same

total

molecular weight, the asymmetric diblock copolymer will undergo

microphase separation

at a

lower temperature

in a

melt or

at a

higher polymer

concentration in a solution. Kinetic effects should therefore be different for the

asymmetric diblock copolymers.
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5.2.1 Orientation of the Cylindrical

Cross-sectional
orientation of the

SB

10/23 and

BS

in the

Near-Surface Region

TEM of stained-only samples was used to

PS and PB

cylindrical

microdomains

microdomains were oriented

in the near-surface
region of

The axes of both

the

PS and PB

cylindrical

parallel to the external surface.
Figure 5.14a

TEM projection for an SB

seen. Tilting of the

sections ensures that the microdomains
seen in Figure 5.14a are indeed

microdomains packed hexagonally,
to the surface.

BS

for the

as in the bulk,

and oriented with

PS

cylindrical

their axes parallel

Similar axial and transverse projections
are observed in Figure 5.14b

10/23 diblock copolymer which forms

The hexagonal packing of the PB

bulk.

shows a

10/23 diblock copolymer in which
both

and transverse views of the PS cylindrical
microdomains are

axial

investigate the

10/23 diblock copolymer samples
prepared by the slow solvent

casting and annealing procedure.

cross-sectional

Microdomains

PB

cylindrical

cylindrical

microdomains

microdomains

to

in the

minimize the

perturbation of the matrix chains' conformations,
resulting from the uniform filling of
the space surrounding the cylinders,

is

also seen in this micrograph.

packed cylindrical microdomains, having the cylinder
axes

With hexagonally

parallel to the surface

implies that the {100} planes are parallel to the
external surface.
Results seen in Figure 5.14, as well as recent experimental
results of other

workers on slow solvent cast thick films, indicate

that the preferred surface orientation

of the axes of cylindrical microdomains of both the lower
and higher surface tension

block

is

shown

parallel to the external surface.

that in an SI diblock

Hasegawa and Hashimoto have

copolymer containing PS cylinders

in the bulk, the axes of

the cylinders are oriented parallel to the external surface in 0.1
to 0.5

Even

in thin,

have shown

mm thick films.

unannealed films prepared on a carbon substrate, Henkee

that the identical

BS

recently [151]

et al. [165]

10/23 diblock copolymer will also form
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PB

cylindrical

Henkee

microdomains and the axes

et al. also occasionally

cylinder axes in the

BS

will lie in the plane of
the film.

However,

observed perpendicular surface
orientations of the

10/23 sample. Perpendicular surface
orientations in thin films

of the

BS

much

higher than in the thick films
prepared in this dissertation. Hence
the

10/23 diblock copolymer prepared by
casting on the surface of
water were
also recently observed
[185]. In these thin film studies, the
solvent evaporation rate is

perpendicular surface orientation of the
others [165,185]

is

PB

cylinder axes occasionally
observed by

consistent with the kinetic

model previously

discussed. Based on

observations of the slow solvent cast and
annealed films of PS and

forming diblocks prepared

in this dissertation

preferred surface orientation

hence the

{

work,

at

PB

cylinder

thermodynamic equilibrium the

with the axes of the cylindrical
microdomains, and

is

100} planes, oriented parallel to the external surface.

5.2.2 External Surface Composition

The micrographs shown
block

at the external surface for

presence of the
is

PB

block

both the

at the surface is

the majority component,

BS

in Figure

it is

5.14 also indicate the presence of the

SB

10/23 and

BS

expected for the

surprising to find the

PB

PB

10/23 samples. While the

SB

block

10/23 sample, since

PB

at the surface for the

10/23 sample which only contains approximately 33 vol% PB.
Even though both

samples contain cylindrical microdomains
surface, the near-surface

The presence of

morphology

the

PB

is

in the bulk

and have the

PB

block

at the

quite different.

block at the external surface of the

BS

10/23 sample

results in the formation of a two-dimensionally continuous surface
layer of this block.

Cross-sectional

TEM of the external surface reveals a planar surface topography

where the principal

radii

of curvature are zero and, hence, H(surf) = 0 urn -1
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.

At a

distance of approximately
9.0

nm from the external surface, or ,surf

(PB) the

block

is

attached to the

0 urn-1, since

it is

SB IMDS which

also planar. This

cylindrical microdomain,

approximately 53

^

has a

is in

mean

curvature,

contrast to the bulk

which has a mean curvature,

(based on the radius of the

Thus, the mean curvature of the

SB IMDS

PB

pB

H surf(PB cyl),

IMDS

for a

of

PB

H bulk (PB cyl), of
cylinder given in Table 5.2).

decreases in die presence of the
external

surface constraint.
It is

also possible to determine

the bulk and near-surface

,

is

given by

near-surface region, tSurf(PB ),
layer.

Measurements shown

away from
of the

the

IMDS

IMDS

is

^

^
is

PB and PS

the

SB IMDS compare

the easier chain extension to
measure

extension, t bulk ( pB)

how

for the

that of the

Qf

^

BS

PB

chain extensions

10/23 sample.

Of the

two,

block. In the bulk, this

^

pfi

given by the thickncss of

^

^

^

pfi

Table 5.2 indicate that the extension of
the

in

away from

PB

chain

remains approximately constant even though
the mean curvature

decreases.

Using the measured values of the thickness of the
PB surface layer and the
radius of the

along

PB

SB IMDS

cylinders,

also possible to determine

changes for the

cylindrical microdomains,

weight and density of the

On

it is

BS

cyl)

may

IMDS

of the

PB

m along the PB

be calculated from the molecular

block and the radius of the

the other hand, aj along the

the area per junction

10/23 sample. The value for

OjbuIk^B

PB

how

PB

cylinder by Equation 2.8.

surface layer,

<jj

surf(PB cyl)

is

by:

aj surf( p B cyi)
J

=

—mm^
PPB

N Av

t

surf(PB)
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P 8;
*

given

Therefore, the ratio of ajSurf(PB
cyl) t0 Gjbulk(pB
radius of the

PB

^y^

cylinder to twice the thickness
of the

PB

by

^^ ^^

surface layer. Results in

Table 5.2 show that Oj decreases by
a factor of two along the
planar

PB

surface layer.

Thus, in the presence of an external
surface constraint, a decrease in
the mean
curvature of the

SB IMDS

is

accompanied by a decrease

the interface. Although the
junctions are

away from

the

IMDS

The decrease
decrease in the

away from

the

mean

5.15,

in the area per junction along
the

curvature of the

SB IMDS,

filling the

PB

SB IMDS,

PB

chains within a

SB IMDS

PB

is

cylindrical

given by ajbulk^g cyl)

surface layer

where the area of the base

chain extension away from the

aj surf(PB cyl) t0

region

is

is

a .bulk (PB

cyl)

perfecdy reasonable

is

accompanies the

PB

chain extension
in

microdomain can be

if

Oj surf(PB cyl) along the

IMDS

md tne hdght

modelled as

.

SB IMDS

must be 0 5

PB

chain

is

is

the same, then

remains constant, the ratio of

A smaller Q

.

yalue n the
.

^

PB

surface

Rcy i(PB)

chain must cover areas of

and along the external surface. However

wedge-shaped volume, the PB chain covers an area of aj bulk (PB

PB

giyen by

filling a regular

one considers the geometry involved when

to a line at the center of the

g

given by OjSurf(p B cy l) and the height

is

equal to t surf(PB). In the regular parallelepiped, the

and extends

that

at nearly constant

given by tSurf(p B ). Assuming the volume occupied
by the
if the

chain extension

wedge-shaped volume shown on the left-hand side
of Figure

A PB chain in the PB

parallelepiped,

PB

the

can be understood with the aid of the
schematic shown

where the area of the base

Rcyl(PB).

now closer together,

does not increase, but instead remains
approximately constant.

Figure 5.15. Each of the

modelled as

in the area per junction
along

in the

cyl) along the

IMDS

cylinder. Thus, the spreading to cover a

given area rather than a line should result in a decreased area per junction along the

IMDS.
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The

variation in the area per
junction along the

SB IMDS

seen for the

BS

10/23 sample contrasts with Hasegawa
and Hashimoto's recent
results.
their paper
[151 J, they assume that a, is constant for
morphologies having the higher
critical

h

surface tension

component

as the matrix. This assumption

thickness of the outermost layer a.
the free surface.

is

then used to estimate the

They predicted

layer thickness should be one-half
the radius of the PI cylinders.

present to determine whether this
assumption

is

valid

is

that the PI surface

The only data they

on an unannealed

linear SI

diblock copolymer which was cast
from a solvent preferential for the
PS block.
cast

from a non-preferential solvent

obdd microdomains

(toluene), the

same block copolymer exhibited PI

rather than PI cylindrical microdomains.
Therefore, the data

presented to prove their assumption was
on a sample which was not in

microdomain

When

its

equilibrium

state.

In order to resolve the question as
to whether the area per junction

is

a fixed

quantity for samples which form cylindrical
microdomains of the lower critical
surface tension block, a second sample
containing

bulk was also examined. Cross-sectional

copolymer also indicate
cylindrical
the

that the

PB

microdomains are nearly

SB IMDS

is

PB

cylindrical

TEM results on a BS

microdomains

in the

10/40 diblock

surface layer thickness and the radius of the
identical. Therefore, the area per junction

PB

along

again seen to decrease by a factor of two in the
presence of an

external surface constraint.
It is

IMDS

also possible to

for the

BS

comment on

10/23 sample.

the extension of the

As discussed

in

PS chain away from

Chapters 2 and

3,

the

Wigner-Seitz cells

can be constructed to model the stretching of the matrix chains away from
the IMDS.

The Wigner-Seitz
microdomains

cell construction for

in the

hexagonally packed

PB

cylindrical

bulk indicates that the extension of the surrounding PS matrix

chains varies with position along the

SB IMDS. For a PB
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cylinder volume fraction of

0.325, the ratio of the

IMDS

is

minimum PS

estimate the extension of the

surface region,

Figure

to

calculated to be approximately

To

in

maximum

5. 16,

in the bulk.

it is

chain extension

PS chains away from

the

IMDS

in the near-

also necessary to construct
Wigner-Seitz cells. In the

only the

the

1.4.

model seen

layer of Wigner-Seitz cells

is

different than those

While construction of the bulk morphology

is

accomplished by

first

translation of the bulk Wigner-Seitz
cell along the

5.16, the external surface layer

Wigner-Seitz
If the

away from

cell

is

x and y directions seen

found

in Figure

constructed by translation of the
near-surface

along the x direction only.

formation of the

surface Wigner-Seitz cell

is

PB

surface layer and, hence, the
accompanying near-

assumed

a bulk Wigner-Seitz cell, then

it is

to result

possible to calculate

extensions and the area per junction along the
Seitz cells. Since the

from the rearrangement of chains within

volume of PB

IMDS

how

the

PS and PB chain

differ within the

inside the Wigner-Seitz cells

is

two Wigner-

held constant,

then one obtains the equation:

-™

H&

where

Dcyl (PB) is the distance between the centers of neighboring PB cylinders.

Using

this fact,

<|>(PB)

given by:

coupled with the geometric relation of

Dc y l(PB) =

1/2

Rcyi< PB >

153

D cyl (PB)

to

Rcy i(PB) and

(? >°)

the relationship of t*urf(PB)
to

_
Rcyl(PB)"

BS

1

5.2.

determined

(

2

as:

>

( 5.

0/23 sample, substituting in *(PB)

ratio of tSurf(PB) t0

Table

is

W3 0(PB> 1/2

tSUrf(PB)

For the

R^CPfi)

= 0.325

R^fi) which is very close tQ

yields a value of 0

^

^^

Rcyl(PB) into Equation 5.9 yields a calculated
value of 8.2
in

reasonably good agreement with the
measured value of

Os04

staining and

microtomy may

alter the true

In addition to the change in the

PB

two aj values can be calculated

for the

surf

q

(

i

pB cyQ

ajbulk(p B cyl)

With a PB volume

nm for

yT3
67t(j)(PB)

]

which

is

^(PB), considering that

chain extension from the

l

^

Dcyl (PB) and

dimensions of the

model and

^

94 for the

fr

Alternatively, substitution of the
measured values of

n)

the ratio

is

PB

IMDS,

surface layer.

the ratio of the

given by:

m

(5.12)

fraction of 0.325, this ratio is calculated
to be 0.53,

which agrees

quite well with the data in Table 5.2.
It is

also possible to estimate the extensions of
the

surface Wigner-Seitz

cell.

As seen

in inset (i)

of the PS chains away from the near-surface
underlying bulk Wigner-Seitz cell and

Assuming

the

volume

fraction of

PB

with that in the bulk Wigner-Seitz

this

of Figure 5.16, the

IMDS

is to

extension

is

in the near-

minimum extension

the top edge of the

denoted as tSurf(PS)min

in the near-surface

cell, the

PS chains

Wigner

Seitz cell

is

use of simple geometry yields the
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identical

following equation for the

tsurf(ps) min

1

.

9

minimum

OSL

r

I

1

(PB)

J

t

extension of the

surfrPR
(PB)^

'

til1

PS

chains:

m

^cyl(PB),
D

(5.13)

or alternatively:

^

tSurf(PS)min .

Similarly, the
cell is

maximum

seen in inset

;Surf(

(i)

^m

extension of the

of Figure 5.16 and

p S)m ax .

±xm

l

]

.

^L, WMfl

PS chains
is

in the near-surface

(

, 14)

Wigner-Seitz

given by:

tSurf(PB)

+

^

Dcyi(PB)

(5.15)

or alternatively:

These values of the PS chain extension

compared with values determined
chain extension seen in inset

t

bulk (PS) min

=

(ii)

in the

in the near-surface region

bulk Wigner-Seitz

of Figure 5.16

is

cell.

can then be

The minimum PS

given by:

Ecy^PB)
(5.17)
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or alternatively:

<()(PB)

The maximum value

t

for the

bulk (PS) max b

^

'~cyiv™;

4

J

PS chain extension

Dcyl(PB)

is

(5.18)

given by:

.

(5.19)

or alternatively:

t

bulk (PS) max

=u

_^
<|>(PB)

]1/2

J

.

1}Rcyi(pB)
-*'«cy»r»i

Substitution of the experimental values
of t»urf(PB),

(from Tables 4.2 and 5.2) into Equations 5.13
values of tS"rf(PS) and tbulk (PS) which

Examination of the data

in

^

-

(5.20)

Dcyl (PB), R cyl (PB), and <f>(PB)

5.20 yields

minimum and maximum

m Table 5 3

seen

Table 5.3 yields some interesting

results.

The two

equations that are used to calculate each of the PS
chain extensions generally yield
similar results. Differences between

them

D cyl (PB).

OSO4

known

As mentioned

to perturb

previously,

due

to the error in

PS and PB blocks

PB

is

also noted

volume

by

fraction calculated within

measured values of Rcyl (PB),

Equation 5.10. From the bulk Wigner-Seitz
calculated and this

is

calculated from the molecular weights and

(0.325) and the

the bulk Wigner-Seitz cell using the

measuring

staining and cryo-ultramicrotomy are

microdomain dimensions. This perturbation

comparison of the volume fraction of
densities of the

are likely

smaller than expected.
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cell a

volume

D cyl (PB), and

fraction of 0.273

is

The more

significant point to note about
the results presented in
Table 5.3

the change in the extension
of the

between the PS and

PB

PS

As

chains.

the

mean

curvature of the

PS chains

is

noted to increase by a factor
of

approximately two. Thus, for the sample
containing

PB

cylindrical

the bulk, an external surface
constraint causes a flattening
of the

accompanied by a decrease

in the area

PB

The influence of the

sectional

PS

cylindrical

the interface.

microdomains was also investigated. As seen

PB

because the

PB

is

not,

block forms the matrix phase in

this

Beneath the

PB

block

at the external surface,

the covalently attached

PS block

is

the minority component.

Since the PS cylindrical microdomains

BS

lie directly

at the external surface, there is

surface topography will be influenced by the

10/23 sample, the

PB

by two PS blocks (see Figure

mean

blocks forming the

microdomains were separated from
5.16).

the

PB

BS

PB

quite different

is

10/23 sample.

PS microdomains must be formed

microdomains are cylindrical microdomains of PS,

component PB block

the entire

sample. The

and

than the two-dimensional surface layer that was
observed for the

In the

in the cross-

however, a distinct external surface

at the external surface is three-dimensionally
continuous

that these

an increase in the

results in

TEM micrograph in Figure 5.14a, the PB block is present along

"layer" of

is

external surface constraint on the
morphology of a sample

length of the external surface. There

phase

SB IMDS which

in

chains remains constant.

However, the reduction of the distance between
junctions

PS chains away from

microdomains

per junction along the interface.
Although the

junctions are closer together, the extension
of the

containing

IMDS

phases decreases in the presence
of an external surface

constraint, the extension of the

stretching of the

is

since

TEM results indicate
as in the bulk.

beneath the majority

a greater chance that the external

curvature of the underlying
first

layer of

PB

cylindrical

IMDS.

B

blocks forming the external surface layer

However, the
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first

layer of

PS

cylindrical

microdomains

is

directly connected to the

surface cross-sectional
external surface

IMDS

PB

surface layer (see Figure
5.17). Near-

TEM micrographs of the SB

10/23 sample indicate that the

approximately planar and, hence,
H(surf) = 0

is

immediately beneath the external surface
and

copolymer sample both have mean
curvatures,
respectively, of approximately

81^-1

for a

Since the

in the bulk of the

block

Hsurf(PS cyl) and H bulk (PS cyl)

PS

cylinder radius of 6.2 nm,

perturbation of the external surface
topography might be expected. Further

some
work on

the surface topography of this
sample using a higher resolution surface
analysis

AFM, would provide more details

technique, such as

on the presence or absence of

surface undulations with an expected
period similar to the center to center
distance

between PS cylinders.
In addition to the

SB IMDS, comments on

mean

curvature of the external surface and the
underlying

the chain extension

and the area per junction are now given.

Because the radius of the PS cylindrical microdomains

in the near-surface region is

identical with that observed in the bulk,
the ratio of the extension of the

given by

tbulk(pS)

,

« one for the SB

10/23 sample. Since the radii are the same, this

implies that the ratio of the areas per junction,

Jbu]k(?s ffy

external surface does not perturb the conformations
of the

junction along the

PS

cylindrical

PB

phase

that the

in the

identical to that in the bulk,

the area per

cell

shown

the

PB

chain

in Figure 5.17

PS chains remain unperturbed and

the

volume

shaded portion of the near-surface Wigner-Seitz

it is

PS

the first layer of

amount by which

conformations are perturbed, the near-surface Wigner-Seitz

fraction of the

also one. Hence, the

IMDS.

cylinders are likely perturbed. In order to estimate the

employed. Assuming

is

PS chains nor

However, the conformations of the PB chains covering

will be

PS chains

SUrf(p S)
t

cell is

possible to calculate the distance from the center of
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the firs, layer of

Figure 5.17,

is

PS cylinders

to the external snrface.
This distance, denoted

by

^

in

given by:

8 Rcvl(PS) 2
S

2

D cyl (PS) (J)(PS)

(5.21)

Substituting in values of

R cyl (PS), Dcyl (PS),

calculated value of 10.4

nm

for

in the

SB

and «P5) found

in

Table 5.4 yields a

10/23 sample. Experimentally
measured

values of de from the micrographs
S
are somewhat larger at
approximately 12.0 nm.

An

estimation of the

calculated from this model.

t

surf(PB) min

The maximum

(

The

cell.

p B )max = I

calculation of the

Wigner-Seitz

The minimum value

.

cell, are

t^(PB)

PB

^2

t^(PB) may also be

is

given by:

(522)

chains occurs at the upper corners of the near-

For these locations, t surf(PB)™ax

+ Dcyl(ps)2] 1/2

.

minimum and maximum values

is

Rcyl(ps)

calculated by:

(5>23)

of t bulk (PB), from the bulk

given by Equations 5.17 and 5.19, respectively, when

and Rcyi(PS) are substituted for

measured values of d^,

D cyl (PB) and Rcy i(PB).

Rcy i(PS),

minimum and maximum PB

may be

for

values of

Rcyl(ps)

stretching of the

surface Wigner-Seitz

tSurf

^

=

maximum and minimum

and

D cyl (PS)

Using the experimentally

D cyl (PS), the calculated values for the

chain extension from the near-surface and bulk

seen in Table 5.5.
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IMDS

U„.ike ft, case for the
the extension of the majority

chain extension

However,
a

21%

BS

10/23 sample, there

component chains.

expected to occur, the re

is

in regions

is

a

is

no

In regions

55%

large,

PB

extension.

in

where the maximum PB

increase in the

where the minimum PB chain
extension

increase in the

uniform increase

is

PB extension.

expected, there

The average PB chain extension

is

only

therefore does

increase slightly in the presence
of an external surface
constraint. Thus, an external

surface constraint does not appear
to drastically affect the
macromolecular

conformations of a diblock copolymer
which form, PS cylindrical
microdomains
the bulk since the

mean

curvature of the

IMDS,

and the extension of both block chains from
the

the area per junction along
the

IMDS

in

IMDS,

are practically identical in the

near-surface region and in the bulk.

5.3 Diblock

Copolymer Samples Containing Spherical
Microdomains

in the

For samples containing spherical microdomains,
again there are two

which must be considered. Spherical microdomains
of both
surface tension blocks are possible. In either
case, there

is

Bulk

situations

the lower and higher

no immediately obvious

equilibrium surface orientation which will minimize
the perturbation of

macromolecular conformations. Even

in

samples containing

PB

spherical

microdomains, because the spherical microdomains are not
continuous, there

is

no

preferred surface orientation which will facilitate removal
of the solvent. Also,
Leibler's

WSL theory [76] predicts that as the degree of asymmetry in the sample

composition increases, the

critical

value of xN increases. Thus, samples with

compositions in the spherical microdomain composition window should
undergo

microphase separation

at

lower temperatures

in a

melt or

at

higher polymer

concentrations in a solution than samples with compositions in the lamellar or
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cylindrical composition

windows. Kinetic

should therefor, be even

less

effects

on the near-surface
morphology

important for diblock
copolymers with the most

asymmetric compositions.

Packing and Orientation of Spherical
Microdomains

5.3.1

1He

to

Near-Surface Region

investigation of the packing of
spherical microdomains in
the presence of

an external surface constraint has
received

known

in the

little

attention, although the
bulk packing is

be body-centered cubic (bec)
[17-19]. Hasegawa and Hashimoto
recendy

[151] investigated the near-surface morphology
of a linear SI diblock copolymer

containing PI spherical microdomains.
However, they

made no comment on

packing of the PI spheres or on the orientation
of the unit

The only other study

region.

a

BS

1

is

that of

Henkee

to

be hexagonal based on

spherical microdomains in the study of

PB

TEM results.

Henkee

et al.

on the

et al. [19,165]. In a thin film
of

1/57 copolymer, the packing of a single layer of

was determined

cell in the near-surface

to consider the influence of
surface constraints

packing of spherical microdomains

the

spherical microdomains

While the packing of the

was influenced by an

external

surface constraint, the interfacial constraint with
the carbon substrate was also relevant
since the film

was extremely

thin.

Thus, there have not been any investigations of the

influence of a single external surface constraint on
the packing and orientation of

amorphous

/

amorphous diblock copolymers which form

spherical microdomains.

In order to determine the packing and orientation of
the spherical

microdomains
sectional

show

in the near-surface region, a

goniometer was used during cross-

TEM examination of the samples. TEM micrographs seen in Figure 5.18

cross-sections of the external surface of a stained-only

SB

10/65 diblock

copolymer. Figure 5.18a shows a projection of the spherical microdomains which
has
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four-fold symmetry. Whi.e
such a projection

may

exist for si

mp,e cubic (sc), bcc

face-centered cubic (fee) packing
of tine spherical
microdomains,

tilting

a four-fold

(100) projection by 55<> about an axis
normal to the externa, surface
yields the
seen in Figure 5.18b. This
projection has six-fold
symmetry

and

characteristic of the (1

or fee
bcc,

lattices.

and fee

1

lattices

the calculate(j
is

onto

sc, bcc,

about the y axis (where the x and
y axes must be parallel and
(1 1 1)

projection from

the bee lattice only. In addition,
the agreement between the
experimental

(54.7°)

mag e

as seen in Figure 5.19, tilting
of the (,00) projections
of sc,

perpendicular to the external surface,
respectively) allows for a

(550)

i

therefore

potions of spherical microdomains ordered

1)

However,

is,

or

^

^

(100)

^

(] , 1}

projecUons

fa g

used

tilt

^

^

extremely good.

It is

also possible to check the agreement
between the data and the

comparing the dimensions of the square and
rectangle shown
(100) and (111) projections of the bcc

lattice.

The

model by

in Figure 5.19 for the

ratios of the length of the side
of

the square to the length of the side
of the rectangle, in the x and directions,
are given
y

by

Rx

and

Ry

,

respectively. According to the model,

R x is

equal to 0.87 and

R y is

equal to 0.50. Measurements from the micrographs
in Figure 5.18 yield values of

approximately 0.88 and 0.56 for

R x and R

y

,

respectively,

which are also

in

good

agreement with the model for bcc microdomain packing.
Thus, for the SB 10/65
sample containing PS spherical microdomains, bcc
packing

is

also found in the near-

surface region.
In addition to the lattice packing, results from
Figure 5. 18 can be used to

comment on

the orientation of the bcc lattice at the external surface.
In order to

obtain (100) and (1

1

external surface, the

1) projections

{ 1

when

tilting

about an axis perpendicular to the

10} planes of bcc packed PS spherical microdomains must be

oriented parallel to the external surface.
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A BS

28/185 sample containing

investigated. Unlike the results
for the

PB
SB

spherical

microdomains was also

10/65 sample, cross-sectional

TEM did not

reveal any exclusive orientation
of the spherical microdomains
in the near-surface
region. Figure 5.20a shows a
typical
image of one of the more
highly-ordered

TEM

regions near the external surface of
a stained-only sample.
The two-fold symmetry
seen in this
image is similar to the (1 10) projection
of the bcc lattice, which is

TEM

shown

in Figure 5.20b.

Since the spacing between the

PB

spherical microdomains

is

larger in the direction parallel to the
external surface, the micrograph
in Figure 5.20a

suggests that the
sectional

{

100} planes are parallel to the external surface.
Other cross-

TEM micrographs indicate (110) projections of the bcc

spacing between the

PB

lattice,

but the larger

spherical microdomains in the direction
perpendicular to the

external surface suggests that the

{ 1

10} planes are parallel to the external surface in

these regions.

Using simple geometric calculations

it is

covered by the circular portions of the spheres
of the bcc

lattice.

In the

{

possible to compare the area fraction

in the

{

100},

{ 1

10}, and

100 } planes, an area of (a
DCC )2 contains one

area given by tc(R )2, where
s

Rs

is

the radius of the sphere and a
bcc

is

{ 1

1 1 }

planes

circle with an

the bcc unit cell

dimension. Similarly for the {110} planes, the triangle with
an area of ^r(a
)2
4 DCC
contains one-half of a circle with an area of

{ 1

10} planes

is

thus y/2 times that for the

{

——
7t(R ss )2

.

The area

fraction covered for the

100} planes. Calculations for the

planes of the bcc lattice indicate that the spheres cover an area fraction
that

times that covered by the

{

100} planes. The

packed planes

in the bcc lattice.

microdomains

in the bulk, the

{ 1

{ 1

is

10} planes are therefore the closest-

For samples containing PS and

PB

spherical

experimentally observed orientations of the bcc
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1 1

lattice,

{110} and (100), were the ones with closer
packing of the spherical
microdomains

in

planes parallel to the external
surface.

5.3.2 External Surface Composition

The PB block

at the external surface

of the

BS

28/185 sample forms a thin

surface layer which can be seen in
Figure 5.20a. For the

SB

10/65 sample, the

PB

matrix extends completely to the external
surface (see Figure 5.18).
Cross-sectional

TEM results thus indicate the presence of the PB block at the

external surface of

samples containing spherical microdomains
of either component.

The morphology

at the external surface

of the sample in which

matrix surrounding the PS spherical
microdomains

is

PB forms

the

very similar to the sample

containing PS cylindrical microdomains in the
bulk (SB 10/23). As discussed for the

PS

cylindrical microdomains, since the

attached to the

PB

block

PS

spherical microdomains are directly

at the external surface,

one might expect the mean curvature

of the external surface to be influenced by the mean
curvature of the underlying

IMDS. However,

SB

results in Figure 5.18 indicate that H(surf) is
approximately zero

H surf(PS

^irn-1,

even though

would

yield information about the possible presence of surface
undulations with

sph)

= 130 nm-1. While

further

work involving

AFM

periods related to the underlying separation between PS spheres,
the amplitude of such

undulations

is

expected to be smaller than possible undulations on the surface of a

sample containing PS cylindrical microdomains when the PS molecular weights

two diblock copolymers

are equivalent.

in the

With the same PS molecular weights, the

diblock copolymer forming the PS spheres must have a larger

PB

molecular weight

and, therefore, the distance between the external surface and the underlying

IMDS

should be larger for the sample containing PS spherical microdomains. Values of
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10.0

nm

and 5.8

spherical

nm for

the

(SB 10/65) and

minimum

cv.indrical

thickness of the

PB

phase covering the PS

(SB 10/23) microdomains

at the external surface,

respectively, supports this claim.

Because the radius of the PS spherical
microdomains
the external surface does not
differ significantly

in the first layer
beneath

from the radius of the PS spherical

microdomains further

into the sample, the surface
constraint does not perturb the

mean

SB IMDS,

curvature of the

the area per junction along the
interface, or the

macromolecular conformations of the PS chains.
Modelling of the near-surface

morphology with Wigner-Seitz

PB

chains on top of the

first

cells allows investigation of the

layer of

PS

conformations of the

spherical microdomains.

For bcc packed spherical microdomains,
the Wigner-Seitz
truncated octahedron and

is

seen in Figure 5.21a.

The

cell in the

bulk

is

a

surface of the truncated

octahedron contains eight hexagons and six
squares, where the length of the sides of
a
square and a hexagon are equal and are given

by a ws

a ws

is

given by

4

.

From

times the bcc unit cell dimension, a
bcc

maximum distances from the center of the

spherical

PB

matrix chain from the spherical

The minimum extension of the PB chains

is in

hexagonal faces of the bulk Wigner-Seitz

cell

t

bulk (PB) min =

^

abcc

Maximum stretching of the PB

.

chain

then be determined.

the directions towards the center of the

and

is

in directions
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to the surface

Minimum and maximum

IMDS may

Rsph(ps)

is

The minimum and

microdomain

defined by the bulk Wigner-Seitz cell can be calculated.
extensions of a

.

geometrical calculations,

given by:

(5.24)

towards the edges of the bulk

Wigner-Seitz

cell

and

this

extension

^

abcc

In order to determine

how

tbulk (PB) max

=

.

the

is

determined by:

Rsph(ps)

PB

(5.25)

chain conformations are affected
in the near-

surface region, equations must be
developed for the

The minimum

extensions.

center of the

first

layer of

extension, tSurf(PB) min

PS

spherical

(

pB )min =

chain

^

^

is

microdomains

direction normal to the external surface),

tSurf

minimum and maximum PB
related tQ

from

to the external surface (in
the

d s by:
,

_

d$

(526)

Determination of the

maximum extension

of the

PB

chains requires the use of

a near-surface Wigner-Seitz cell.
Construction of the near-surface Wigner-Seitz
cell

involves taking the bulk Wigner-Seitz cell with
the appropriate orientation for the
spherical microdomains beneath the external
surface, removing the upper half, and

extending the two-dimensional cross-section of the
external surface.

The outer

when

the external surface, are seen in Figure 5.21b
in Figure

Wigner-Seitz
the

cell.

hexagon seen

5.21b

is

towards the

surfaces of the bulk Wigner-Seitz cell and the near-

surface Wigner-Seitz cell, for the case

Also seen

cell in the direction

the

{ 1

10} planes are oriented parallel to

when viewed along

the [100] direction.

a [1 10] view of the outer surface of the near-surface

The maximum

in the [110]

stretching of the

PB

chains occurs at the edges of

view and geometric calculations indicate the value
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is

given by:

^(PB)-ax

=

[

| ^2
a

+

ds2]

l/2.

Rsph(ps)

(52?)

The minimum and maximum values
of the PB chain extension
near-surface regions can be calculated
from Equations 5.24
relationships given in Figure 5.19 to
determine abcc
that the

minimum extension

of the

PB

.

-

PB

chain extension

is

Results in Table 5.6 indicate

chain increases and the

maximum
The

value also
overall slight

similar to the case for the sample
containing

cylindrical microdomains. Therefore,
based

on the

and

5.27 and by using the

increases slightly in the presence of
the external surface constraint.

increase in

in the bulk

fact that the

PS

PS chain extension

from the IMDS, the mean curvature of the
SB IMDS, and the area per junction along
the

IMDS

are identical in the near-surface region
and in the bulk,

an external surface constraint has

little

effect

it is

concluded that

on the macromolecular conformations of

a block copolymer which forms PS spherical
microdomains in the bulk.
In the

BS

28/185 sample, the

continuous layer of

PB

PB

block formed a two-dimensionally

similar to that seen for the sample containing

microdomains. Beneath

this layer are the

TEM results (see Figure 5.20a)

length scale of the microdomain spacing, the external
surface
is

cylindrical

covalently bonded, majority component

blocks and additional PS blocks which surround the
underlying

microdomains. Cross-sectional

PB

is

PB

PS

spherical

indicate that

quite

on the

flat, i.e.

H(surf)

approximately zero nm~l.

While one side of the PB surface layer
this layer

forms an

IMDS

SB IMDS, H surf(PB
the

SB IMDS

sph),

is in

contact with

with the underlying PS phase. The
is

air,

mean

also approximately zero ^irn -1 , so the

the other side of

curvature of this

mean

curvature of

has decreased in the presence of the external surface constraint from
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HbulkCPB sph) = ^-jLjg.
sample, using the average
the

mean

m

.l tQ

TEM value of R sph (PB

a significant decrease in the

PB

in

mean

with the decrease in

IMDS

along the

Equation

mean

for the

how

(

PB

of the

the

the

PB

surface

spherical

accompanied by

is

IMDS.

chain within the

IMDS.

PB

PB

surface layer,

SB IMDS

it

changes

In the bulk, the area per
junction

IMDS

ajbulk^
with the

sph) was giyen by

PB

surface layer,

.

M(PB^_

p B S ph) =

PPB

Hence, the

PB

spherical microdomains,

OjSurf(pB sph)
can be determined from

ajSurf

IMDS

the area per junction along the

The area per junction along

2.7.

^e mickness of

l.

28^ 85

given in Table 5.7, indicates
that

curvature of the

of the

curvature of the

PB

),

^ ^^

chain extension away from the

By assuming uniform extension
also possible to determine

=Q

2.6 times less than the radius
of the

microdomains. Thus, the decrease

is

m

curvature decreases from 64 to
0

was very uniform and about

layer

sph)

NAv

(3 28)

surf(PB)

t

ratio of ajSurf( p B sph ) to ajbulk (PB sph)
is given

sphere to three times the thickness of the

PB

5y the

ratio of

surface layer.

^

As seen

^

in

Table 5.7, oj decreases to approximately 86 percent
of the bulk value. Therefore, the
decrease in the

mean

curvature of the

in the area per junction.

IMDS,

the

PB

IMDS

is

also

accompanied by a

slight decrease

Although the SB junctions are now closer together along the

chain extension does not increase but actually decreases quite

dramatically.

An explanation

for the decrease in the

PB

chain extension can be understood

with the aid of the schematic shown in Figure 5.22. For a

each of the

PB

PB

spherical microdomain,

chains within the microdomain can be modelled as
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filling

a pyramid

where the area of the base of the
pyramid
the

pyramid

modelled as

is

filling a regular parallelepiped

by each of the chains
RsphCPB). This

is

is

given by

sphere.

an area of

™U
in a

s,

ajb ulk ( pB

^

tsurf^. Assuming

the

PB

^^

IMDS

and

surface layer, the

^^

^

rf

^

where the area of the base

perfectly reasonable considering
that for the

However, for

sph)

surface layer can be

constant, then for Oj constant, surf
t
(PB)

is

chain must cover an area of ajbulk
(PB)

PB

given by

R sph ( PB ). A PB chain in the PB

given by

ajSurf(PB S ph) and the
height

of the

is

PB

must

PB

^

given by

is

^

rf

sphere, the

PB

^ ^^
^

&

chain must again cover

c^(PB) along the IMDS and a similar area along the

external surface.

the spreading to cover a given
aiea rather than reaching to
a point should result

decreased extension away from (or in
a collapse towards) the IMDS.

While measurement of the extension of
the PB chains away from
relatively straight forward, determination
of the

PS chain extension

is

the

IMDS

is

more

complicated. In the bulk, the PS chain
extension away from the spherical

IMDS

is

calculated from equations analogous to
those used for the calculation of PB
chain

extension from the PS spherical

IMDS

(see Equations 5.24

and

5.25).

the near-surface region, results seen in
Figure 5.20a indicate that the
actually lies at the position in which the next
layer of

PB

However,

PB

in

surface layer

spherical microdomains

expected. Careful examination of the packing of
the Wigner-Seitz cells for the

{

is

100}

planes of the bcc lattice parallel to the external
surface indicates that a near-surface

Wigner-Seitz

PB

cell stacked

cylindrical microdmains) cannot yield a

observed position. Thus,
both a

PB

spherical

it

PB

cell

(which was done for the

surface layer at the experimentally

appears that a near-surface Wigner-Seitz cell must include

microdomain and a portion of the PB surface

examination reveals that

PB

on top of a bulk Wigner-Seitz

surface layer and a

if

PB

layer.

Further

the near-surface Wigner-Seitz cell included a portion of the

sphere in the

first
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layer only, space could not be filled with

such cell, Hence, the
near-surface

second layer beneath the

PB

would

cell

also have to include

surface layer. In such a
case,

determination of the PS chain
extension from the planar
Therefore, from the data on the
sample containing

only possible to

5.4

comment on

Summary of Results

PB

the perturbation of the

for Linear

it is

IMDS

PB

clearly evident that
is

not possible.

spherical microdomains,

PB

SB Diblock Copolymers

microdomain morphology and, hence,
diblock copolymers containing PS
and

PS and PB

PB

surface, regardless of the

microdomains

PB

spherical,

PS and PB

PB

was

cylindrical,

investigated.

SB

and

The lower

block was always observed to segregate
to the external

volume

fraction of the

in the near-surface region.

energy by placing the

on the

the macromolecular
conformations of linear

lamellar microdomains in the bulk

critical surface tension

it is

chains.

In this chapter, the influence
of an external surface constraint

alternating

spheres in the

PB

block or the orientation of the

Thus, the enthalpic reduction of the free

block at the external surface must outweigh
any entropic

penalty associated with the segregation
of these

PB

chains into the thin outermost

layer.

Slow solvent casting and annealing of the samples

resulted in smooth sample

surfaces, except for those samples containing
lamellar microdomains with non-parallel

orientations at the external surface. For the
samples containing alternating lamellar

microdomains and PB cylindrical or spherical microdomains,
the mean curvature of

IMDS

beneath the

PB

surface layer

was similar to

that of the external surface. Thus,

for alternating lamellar microdomains with
non-parallel surface orientations,
cylindrical microdomains, and

curvature of the

IMDS

PB

spherical

microdomains decreases

in the

PB

mean

were observed. However, for the samples containing PS
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cylindrical

and spherical microdomains,
and lamellar microdomains
with

surface orientations, the

was

surface

mean curvature of the IMDS
beneath

surface layer

The most obvious of these

alternating lamellar

was observed

microdomains with a fixed surface

majority component, a higher

PB

to

depend upon several

the molecular weight of
the

is

layer thicknesses were observed
for larger

PB

the planar external

identical with that of the
bulk microdomains.

The thickness of the PB
variables.

parallel

PB

PB

block. For

orientation, larger

molecular weights.

PB

surface

When PB was

the

molecular weight yielded a larger
thickness of the

phase on top of the PS spherical
microdomains than on the PS cylindrical

microdomains. However,

in

samples containing

microdomains, even though the
larger for the sample forming

PB

PB

spherical and cylindrical

molecular weight

is

approximately three times

spherical microdomains, the thickness
of the

surface layer on the sample containing

of the layer on the sample containing
(and hence microdomain shape)

PB

is

PB

PB

cylindrical

microdomains

is 1.5

PB

times that

spherical microdomains. Thus,
composition

also an important variable.

The

final variable is the

orientation of the microdomains in the
near-surface region. For the lamellar

microdomains, larger

PB

surface layer thicknesses were observed
for parallel surface

orientations than for non-parallel surface
orientations.

For samples containing alternating lamellae with

PB

or

the

PB

PS

cylindrical microdomains, and

chain from the

IMDS was

PS

parallel surface orientations,

spherical microdomains, the extension of

seen to remain fairly constant. However, in samples

containing non-parallel surface orientations of lamellar
microdomains and
spherical microdomains, a decrease in the stretching of
the

IMDS was

found. Calculations for the PS chain extension

PB

chains

away from

PB

away from
the

the

IMDS

indicated a decrease for the samples containing non-parallel surface
orientations of

lamellar microdomains, an increase for the sample containing
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PB

cylindrical

nucrodomains, and a constant extension
for samples containing
orientations of lamellar microdomains,

PS

parallel surface

cylindrical microdomains,

and PS spherical

microdomains. IHus, perturbation of
the macromolecular
conformations by the
presence of an external surface
constraint was most common
when the lower critical
surface tension

component (PB) was

While recent

results of

the minority component.

Hasegawa and Hashimoto

suggest that the area per junction

is

[151] have led them to

a fixed quantity, and hence
equal in the bulk and

near-surface regions, results from this
study indicate that significant
variation of the
area per junction can exist. For
samples containing parallel surface
orientations of

lamellar microdomains and

PS microdomains,

the area per junction along the

IMDS

remained constant, as did the mean curvature
of the IMDS. In samples containing
non-parallel surface orientations of lamellar
microdomains and

increases and decreases in the area per
junction were found to

decreases in

mean

junction along the

curvature of the

IMDS

IMDS.

PB

microdomains,

accompany

the

Increases and decreases in the area per

by factors of greater than or equal

to

two were found

for

samples containing non-parallel surface orientations
of lamellar microdomains and PB
cylindrical microdomains, respectively.

along the

IMDS was

A slight decrease in

found for a sample containing

Thus, the area per junction along the

IMDS

is

PB

the area per junction

spherical microdomains.

not a fixed quantity but can

significantly increase or decrease in the presence
of an external constraint.

In order to reduce the geometric frustration encountered
in the presence of a

two-dimensional external surface constraint, there are preferred orientations
of the
bulk microdomain morphologies in the near-surface region.
Alternating lamellar

microdomains would ideally

like to orient parallel to the external surface to

minimize

the perturbation of the chain conformations. However, rapid
solvent evaporation and
the larger growth rate of the microdomains along the direction of the
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IMDS

favor

non-paral. e . lamellar orientations.
While kinetic factors suggest
cylindrical

microdomains with

samples prepared

were observed

in

their

dominance Qf

axes oriented towards the
external surface

mis dissenation work,

to orient with their axes,

bom PB and PS

and hence the

(

cylindrica.

in the

microdomains

100) planes, parallel to the

external surface. For spherical
microdomains, kinetic arguments
do not favor any
particular packing arrangement
in the near-surface region.

microdomains tended

to orient with either the

parallel to the external surface.

A

( 1

10) or

(

However, spherical

100 ) planes of the bcc

lattice

summary of the equilibrium microdomain

morphologies: alternating lamellar
microdomains oriented parallel to the
external
surface, hexagonally

packed cylindrical microdomains with

to the external surface,

(

100) planes parallel

and bcc packed spherical microdomains
with the

packed (110) planes or the
in

the

{

100) planes parallel to the external surface

Figure 5.23.
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closest-

may

be seen

1

Table

m
UP^fT, ^
EH

5.

° k" ess
-

.

f

^

<»>. and Bulk Lamellar Repeat,

31,161131 0rientati

°

Diblock Samples with Various

M n (PB)

Sample

Name
SB
SB
SB

SB
SB

in

t

10/10

i

9.9

20/20

20.5

20/20

20.5

40/40

45.4

80/80

74.5

PB

L(PB)

nm

n

in

nm

Rcyl(PB)
in

0

PB)

L(PB)
0.50

0°

9.0

18.0

0.50

QQ

2.0

18.0

0.11

9QQ

6.0

30.0

0.20

62Q

3.0

43.0

0.07

90O

Rcy i(PB), Surface Layer Thickness,

tSurf(PB

)

D cyl (PB), and Ratio of the Area per Junction in

the Surface Region, ajSurf(PB cyl)>
t0
1

surf(

12.0

Intercylinder Distance,

BS

t

LameL SB

6.0

Cylinder Radius,

for the

for the

PB Molecular Weights

surf(PB)

ke/mol

™. «.

^

bulk(pB

in the

cyl)>

0/23 Diblock Copolymer Sample.

t

D cyl (PB)

surf( PB)

nm

in

9.5

nm

in

9.0

nm

<jj

surf(PB

cyl)

aj bulk (PB cyl)

34.6

0.53

Minimum and Maximum Values for the Extension
Away from the IMDS in the Near-Surface Region,

of the PS Chains
t

surf(PS),
and in the

Bulk, t b u&(PS), as Calculated by the Various Equations for
the
BS 10/23 Diblock Copolymer Sample.

t

surf >S)min
a

tsurf(ps)max

t

bulk(] PS)min

tbulk(ps)max

Eqn.

Eqn.

Eqn.

Eqn.

Eqn.

Eqn.

Eqn.

Eqn.

5.13

5.14

5.15

5.16

5.17

5.18

5.19

5.20

13.7

nm

14.1

nm

23.7

nm

23.3

nm
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7.8

nm

6.4

nm

10.5

nm

8.8

nm

Table 5.4

PS Cylinder Radius, R
cyl (P S ), PS Intercylinder Distance, D
cyl ( PS )
and the Volume Fraction of PS,
<|>(PS), for the SB 10/23
Diblock
Copolymer Sample.

R cy l(PS)
in

D C yl(PS)

nm

in

6.2

<KPS)

nm

21.9

0.266

Minimum and Maximum Values

Away from

the

IMDS

for the Extension of the

PB

Chains

Near-Surface Region, t surf(PB), and

in the

in

the Bulk, tbulk (PB)5 as Calculated
by the Various Equations for the

SB

t

10/23 Diblock Copolymer Sample.

surf(pg)min
t

surf(pB)max

Eqn. 5.22
5.8

t

Eqn. 5.23

nm

10.0

bulk(pB)max

modified

modified

Eqn. 5.17

Eqn. 5.19

nm

4.8

the Bulk, t bulk (PB), for the

surf(pB)min

10.0

t

nm

6.4

nm

Minimum and Maximum Values for the Extension of the PB Chains
Away from the IMDS in the Near-Surface Region, t surf(PB), and in

Table 5.6

t

bulk(pB)iriin

nm

t

SB

surfVpg\max

10/65 Diblock Copolymer Sample.

jbulk(-pg\min
t

bulk(ppnmax

a bcc

a bcc

a bcc

a bcc

a bcc

a bcc

(100)

(111)

(100)

(111)

(100)

(111)

13.2

nm

15.5

nm

6.5
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nm

8.7

nm

10.6

nm

13.5

nm

Table 5.7

PB

Sphere Radius,

R sph (PB),

Surface Layer Thickness, tSurf
(PB)
and the Ratio of the Area per Junction
in the Surface Region
ajSurf(PB sph)<
t0 that in the Bulkf CTjb ulk (PB
sph)> f0f tne BS 28/lg5
Diblock Copolymer Sample.

Rsph(PB)
in

nm

15.5

t

surf( PB
in

)

nm

6.0
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CT

.surf(p

B

sph)

aj bulk(p B sph)

0.86

[-L -|

Figure

5.

1

Schematic showing the definition of the near-surface lamellar
orientation, 0, in terms of the normal to the alternating lamellae,
Hl>
and the local surface normal, Ms-

177

epoxy

50 nm

Figure 5.2

TEM micrograph of the near-surface morphology of an
SB 10/10 sample showing alternating lamellae with 0-0° and a
Cross-sectional

planar surface layer of

PB

at the external surface

178

marked by epoxy.

179

Figure 5.4

Cross-sectional

SB

TEM micrograph of the near-surface morphology of an

40/40 sample marked with epoxy which has mostly debonded

during cryo-ultramicrotomy. For the non-parallel surface orientation

(0 ~

60°), an external surface layer of

180

PB

is

also observed.

Cross-sectional

stained-only

SB

TEM micrograph of the near-surface morphology of a
80/80 sample showing alternating lamellae with

0 ~ 90° and a thin surface layer of PB covering the PS lamellae.

181

Figure 5,6

LVHRSEM image of the surface of an OSO4 stained and Au-Pd sputter
SB

40/40 sample indicating the non-parallel surface orientation
of the lamellar microdomains.
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Cross-sectional
the stained-only
is

TEM micrograph of the near-surface morphology of
SB

80/80 sample in which the incident electron
beam
not parallel to the plane of the external
surface. Corrugation of

the
external surface for the non-parallel
surface orientation of the lamellar
microdomains is readily apparent.
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Figure

5.

10

AFM image of the surface of an OSO4 stained SB 40/40 sample
showing one-dimensional corrugation of the external

surface.

The

white regions correspond to the peaks while the black regions represent
the valleys.

186

external surface

Figure

5.

1

1

Schematic showing the growth of a parallel orientation
of the PS and
PB lamellar microdomains at the external surface from the
disordered
toluene solution in the bulk.

187

external surface

o

o

0

Schematic showing the growth of a perpendicular
orientation of the PS
and PB lamellar microdomains at the external
surface from the
disordered toluene solution in the bulk.
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191

external surface

t

t

surf
(PB)

Near-Surface
Wigner-Seitz cell

0

\

Bulk

D cy l(PB)

Near-SiirfRce

PB

WiWr.s f fy rf||

Bulk

j

t

surf(pS )min
t

surf(PS)

Wigner-Seitz

m ax

cell

ffiignfii^Sate f>ll

tbulk(p S) max

t

bulk(p S )min

(i)
(ii)

Figure 5.16

Schematic showing the construction of Wigner-Seitz
cells for a sample
containing PB cylindrical microdomains and
an external surface layer
of PB. The minimum and maximum extensions
of the PS chains from
the

SB IMDS

are

shown

in inset

for the bulk Wigner-Seitz cells.
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(i)

for the near-surface

and

in inset

(ii)

external surface

Near-Surface
Wigner-Seitz cell

O

V

\

y

Bulk
Wigner-Seitz

D Cyl( PS

)

Near-Surface WiWr.Spjfy

t

surf
(PB) min

Bulk W.VnPr.Spjty

surf^pg^inax

(i)

Q

j|

fbulk^pg^max

t

Figure 5.17

cell

bulk(PB)min

(ii)

Schematic showing the construction of
Wigner-Seitz cells for a sample
containing PS cylindrical microdomains
and PB at the external surface
nimUm and maximum extension of the PB chains
from the SB
T
IMDS
are shown in inset (i) for the
near-surface and in inset (ii) for the
bulk Wigner-Seitz cells.
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O

Bulk Wipnp r -fr>jfy

r f|[

[100]
[100]
[110]
(b)

Figure 5.21

Schematics showing the outer surfaces of the bulk
and near-surface
Wigner-Seitz cells, (a) Wigner-Seitz cell for bcc
packed spherical
microdomains. The length of the sides of the Wigner-Seitz
cell, a

ws

and the bcc

unit cell, a
bcc are indicated,
,

(b)

,

Schematics of the outer

surfaces of the bulk and near-surface Wigner-Seitz
cells for a sample
containing PS spherical microdomains with the
{ 1 10} planes of the bcc
lattice parallel to the external surface.
Views in the [100] and [1 10]
directions are indicated.
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CHAPTER 6

INFLUENCE OF INTERFACIAL

CONSTRAINTS ON THE

ORDERED BICONTINUOUS

DOUBLE-DIAMOND

MICRODOMAIN MORPHOLOGY

In the previous chapter,

it

was shown

that the presence of a
two-dimensional

external surface constraint
results in preferred surface
orientations of non-continuous

body-centered cubic packed spherical
microdomains, one-dimensionally
continuous
hexagonally packed cylindrical
microdomains, and two-dimensionally
continuous
alternating lamellar microdomains.
Preferential segregation of the
lower critical

surface tension block to the external
surface

was

also observed in all cases. In
this

chapter, the influence of a single
external surface constraint, or

two

interfacial

constraints in close proximity, on the
three-dimensionally continuous ordered

bicontinuous double-diamond (obdd)
microdomain morphology will be investigated.
Section 6.1 discusses some of the basic
details on the observation of the
obdd

microdomain morphology

in the

bulk of block copolymer samples. The
bulk

morphology of a binary diblock copolymer blend
and an 82 arm
copolymer are also discussed

in Section 6.

1

.

The influence of a

star diblock

single external

surface constraint on diblock copolymers
which form the obdd microdomain

morphology

in the bulk is discussed in Section
6.2, while thin film constraints are

considered in Section 6.3. Finally, a summary of

of block copolymers which are

known

how

to exhibit the

influenced by interfacial and volume constraints
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is

the

microdomain morphology

obdd morphology

in the bulk are

given in Section 6.4.

6.
1

OBDD Microdomain Morphology
As discussed

in

Chapter

2, the

obdd microdomain morp
ho,o gy

consists of

two

mutually interwoven
three-dimensionally continuous
networks of the minority
component where each of the networks
has diamond-cubic
symmetry. The basic
motif of the obdd morphology
is a tetrapod
[25] and the actual IMDS
between the
minority phase and the matrix
phase has been modelled by
Anderson e, al.

[26-28] as

a surface of constant, non-zero,
mean curvature. In linear SI diblock
copolymers, the

obdd microdomain morphology
has been observed within
narrow composition
windows. PS and PI obdd morpho.ogies
have

been observed for compositions

between 28 and 34 volume percent
PS [33] and 62 and 66 volume
percent PS

[25,33],

respectively.

TEM analysis of the obdd microdomain morphology
symmetry

projections.

When

projections with four-fold

the structure

symmetry

is

viewed

projection [24].
fold

symmetry

obdd microdomain morphology

When viewed in

Figure

6.

lb

where the
curvature.

is

the [1

are present. Figure 6.1b

copolymer exhibiting the

(1 1 1),

1

A second projection
is

1] direction,

shows a

wagon-wheel

a computer simulation of the (1

IMDS

in the [100] direction,

are observed, as can be seen in
Figure 6.1a for an

IS 19/44 sample containing PI
obdd microdomains.
characteristic of the

reveals several high

the so called

wagon-wheel

regions of three-fold and six-

TEM image of an IS

19/44 diblock

projection. Also included in
1

1) projection

of the obdd morphology

has been modelled by Anderson as having
constant, non-zero, mean

While the simulation

is

for a minority

component (dark phase) content of

27 volume percent, and the IS 19/44 sample contains 34 volume
percent
simulation well captures the details of the SI

201

IMDS

PI, the

that are experimentally observed.

The regions of six-fold
symmetry
ymmetry

y

SynUmt"-

"

« »« *%

the spokes, ,he„ nodes
with

the

n 1n
1) projection

in the (1

following

symmetry. The

where

^

is

critical thickness is

i,

is

fro

a^ may

form the hubs of the

fc hub

sy^tnes are see „:

^

6-3-3-6.

one of

However

m sections with the proper

too large, then

al,

of tine nodes have
six-fo.d

^^

given by the heigh, of a
tetrapod or

fte lattice parameter for
the unit cell of die

Figure 2.3a). While

(SAXS),

is

•

outward from

wagon-wheel projection can only
be obtained

th.ckness. If the projection
thickness

•

1

obdd morphology (see

be determined by small-angle
x-ray scattering

also possible to determine
ao bdd from

TEM

micrographs.

The

distance

between the centers of every
other three-fold node on a
given wagon-wheel along
the
[HO] dnecion, d^ in Figure 6. b,
is given by
1
Hence,
can be

^

determined by measuring
dc C

morphology. Once
of the

IMDS

a^

is

in

a

(1

^ ^

11) projection of the

known, then

it is

obdd microdomain

possible to estimate the

and the area per junction along
the

IMDS

mean curvature

using Equations 2.6 and

2. 12,

respectively.

6.1.1

OBDD Microdomain Morphology in Blends

In addition to linear diblock
copolymers having compositions within the

narrow windows previously defined,
Winey [34] has recently shown
to

form the obdd microdomain morphology
by blending a

that

linear diblock

it is

possible

copolymer

and a homopolymer. By swelling a
lamellar forming SI or SB diblock with
PS

homopolymer,

the

mean

PB obdd microdomains

curvature of the

IMDS was shown

to increase for the PI or

formed. While the PS swelling agent in the
previous blends

resided in the matrix surrounding the PI
or

PB obdd

202

microdomains, Winey [34] also

showed

that

it

was possible

to

Adding a PI or PB homopolymer
,0 a P, or PB
cylinder
esulted in the formation of

PI or

PB

PB

^ ^

have the swelling
nave
iwiik. agent
o
inside the obdd
channels

H or pB obdd

cyUndrical microdomains

is

No commen(

expect

since fte

phase has increased. The
overai! minority c„

fomung *e obdd microdomains

in

^_^

volume

^^

fraction of the P, or

mponent composition for the species

Wine/s h.end wo* was

nearly identical with the

values established previously
for linear SI dib.ocks.
Besides the overall minority

component composition,
obdd morphology
must be

The

the only other requirement
noted for the formation
of the

in these

bIen ds was that the molecular
weight of the homopolymer

less than or equal to that

of the corresponding block

relationship of the molecular
weights

one of the blocks
per junction and

a. the

mean

IMDS, by

is

due

IMDS,

dib.ock copolymer

to the fact that sufficient
swelling „f

the corresponding

curvature of the

in the

homopolymer,

will only occur for a

to alter the area

homopolymer will

an equal or smaller molecular
weight.

As an

extension of the

homopolymer / diblock copolymer blend
work, an

experiment was performed on a blend
of two diblock copolymers each
having a
different preferred

mean curvature of the IMDS

separating the two block phases.

One

of the diblock copolymers in the
blend formed alternating lamellar
microdomains in
the bulk and, hence, the

IMDS

had a preferred mean curvature of zero (Un-l.
The

other diblock used in the blend formed
cylindrical microdomains, where the
preferred

mean curvature of the IMDS

in the

second diblock copolymer was given by

'

ZK cyl

Thus, would the self-assembly of the
lamellar forming diblock and the cylindrical

microdomain forming diblock
intermediate

mean

result in the formation of an

curvature?

203

obdd

IMDS

with an

Figure 6.2a illustrates the
compromise value of the

IMDS
the

realized

BS

10/23,

by mixing 20

parts of the

(AB) 2 diblock.
,

SB

mean

curvature of the

10/10, (AB),, diblock with
80 parts of

TEM micrographs of the bulk momho.ogy

of the

blend indicate well-ordered regions
of PB obdd microdomains.
Figure 6.2b shows a
typical (111)

blend

is

64,

wagon-wheel

which

is in

in linear SI diblock

The change
in

The

projection.

overall

PS volume pereent

the middle of the range
established for PI

obdd microdomains

copolymers.
in the

mean

curvature of the

SB IMDS accompanying

microdomain morphology can be determined.
When

(1 1 1) projection in

in the diblock

a^

the

change

determined from the

is

Figure 6.2b, and used in Equation
2.6 along with the value of

estimated from reference [27] for a
single-diamond volume fraction of 0.18,
a

IMDS mean
the

BS

curvature of 50 urn"!

10/23 sample containing

is

PB

cylinders, the

calculated to be 53 par*. Since the

forming

SB

intermediate

10/10 diblock

mean

is

calculated for the

mean
,

curvature of the

IMDS.

compromise mean curvature would be

IMDS mean

curvature value of 42

fraction of 0.79 in the blend.

curvature value

is

additivity of the

A

is

curvature of the

IMDS

SB IMDS

is

in the lamellar

of the two diblocks results in an

simple means to estimate the

predicted using a

BS

An

is

no

intermediate

10/23 volume

While the experimentally measured SB

larger than predicted, there

mean

mean

to use the rule of mixtures.

nm-1

SB

PB obdd microdomains. For

curvature of the

ymr 1 mixing

zero

H*

IMDS mean

basis for the assumption of linear

curvatures.

Unlike the homopolymer / diblock copolymer blends, the distribution
of the

two types of chains
limited.

When

distribute itself

homopolymer

in the diblock

copolymer

/

diblock copolymer blends

blended with a diblock copolymer, the homopolymer

anywhere within

is

the

part of the majority

is

is

more

free to

domain of the same chemical component.

component phase, then
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If the

the confinement of the

homopolymer

is

„„ t as severe as when the
ho m „p„ lymer „ part of
(he

co.po„e„ t d0 .ai„ formi „
g

,

phase. However, in a

(AB), and (AB) perturbation
of the preferred
2
,

Wend of two di bIock cop„ lym er
s

IMDS mean curvature for each

d,b.ocks can on.y be accompiished
by the mixing of
since in both diblocks the
blends,

bom

A

and

B Mocks

species must teside along
the

^

A, with

A 2 and B,

ate covaiendy bound.

IMDS.

Hence

with
in

,

of the

B2

,

dib.ock

Further discussion on the
blending

of two diblock copolymers to
form the obdd microdomain
motphology will be
discussed in Section 9.2.

6.1.2

OBDD Microdomain Morphology in Star Diblock
The obdd microdomain morphology
was

first identified in star

copolymers [24,29-32]. While the
composition of the
critical in

arms

star diblock

diblock

copolymer

is

determining the microdomain mophology,
variables such as the number of

in the star, the total

component block within

arm molecular weight,
cylindrical
total

Copolymers

arm molecular weight, and
the star are also important.

star SI diblocks

microdomains

in the

arm molecular weight

the location of the minority

At low arm number or low

total

with 27 volume percent PS exhibit
PS

bulk [29,30]. However, when the arm
number or

increase, a morphological transition to

microdomains has been observed, even though the
PS content
example, increasing the arm number from 12

arm molecular weights of 23,000, 33,000,

is

PS obdd

identical [29,30].

For

to 18, 5 to 6, or 9 to 12 for fixed total

or 100,000 g/mol, respectively, induces

such a transition. Increasing the arm molecular
weight from 23,000 to 33,000 g/mol,
at fixed

arm numbers of 8 or

12, also causes such a

explanation given for this morphological transition

number or

the total

arm molecular weight

change
is

in the

morphology. The

based on the fact that as the arm

increase, overcrowding near the central star
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linking junction creates a

more

radial molecule.

The more

radial core of the star

diblock copolymer, where the
core contains the majority
component blocks,
better suited to

the space surrounding

fill

is

then

obdd channels of the minority
phase than

the

space surrounding cylinders of the
minority phase.

The

position of the minority

has also been
1

8

arm

shown

to

be important

star SI diblock containing

in

in the star

diblock copolymer

determining the bulk morphology.
While an

27 volume percent of PS has been
shown

PS obdd microdomains

in the bulk,

percent of PS exhibited

PS

star IS diblock with

component block

to exhibit

an 18 arm star IS diblock containing
27 volume

cylindrical

microdomains

[32].

Similarly, while an 18

73 volume percent PS forms PI obdd
microdomains, 18 arm

arm

star

SI diblocks containing 79 and 63
volume percent PS exhibit PI cylindrical

microdomains

in the

bulk [32]. Based on the rather few
compositions investigated, a

prerequisite for the formation of the

obdd mophology

block must be the outer block of the

star.

was given,

when

it

may

be due

to the

more

test this prediction, the

that the minority

While no explanation

component

for these observations

radial nature of the minority

they are linked at the core of the

To

is

component chains

star.

bulk microdomain morphology of a 4 arm IS

having 27 volume percent PS was investigated by

TEM.

star

Figure 6.3 shows a typical

TEM projection of the microdomain morphology observed in the bulk of a slow
solvent cast and annealed one

mm thick film of the (IS 23/1 0) 4 star diblock

copolymer. Regions containing hexagonally packed PS circular
domains and regions
containing alternating layers of PS and PI domains are seen.
These two types of
projections are characteristic of views parallel and perpendicular,
respectively, to the

axes of hexagonally packed PS cylindrical microdomains. Tilt studies
indicate that
both of these projections

may

be obtained from the same area of the section and

hence, the bulk microdomain morphology of the (IS 23/10)4 therefore
consists of

206

hexagonal* packed PS cylinder

«m

„ ature of the PS

at

some other explanation
when

the minority

is

rather than

me core

needed

to

component lies

^ ^^

PS obdd

ome4mn

^K

djbiock suggests (ha(

account for the ,ack of
the ohdd morphology

at the core

of the

star.

In order to investigate
the incteasing radial
nature of the star diblock

macromo.eeule with increasing arm
number and
morpho.ogy, an 82

its

effects

on microdomain

a™ star SB diblock copolymer was synthesized

discussed in Chapter

via

tine

method

Since the PS block was the
outer block of the star
and the PS
content was approximately
31 volume pereent, based on the
previous findings for star
4.

SI diblocks, the PS obdd
microdomain morphology
results

on the bulk microdomain morphology
of a

is

expected for

film which

was

samp Ie

this

cast slowly

.

TEM

from

toluene over 5 days and subsequendy
annealed for 5 days, and also for
12 days, at

115 o C indicate that the morphology consists
of short interconnected,
cylinder-like,

PS microdomains,
cylinder-like

as can be seen in the micrographs
in Figure 6.4.

PS microdomains seen

in the

The

fact that the

TEM images are interconnected and not

simply the result of a projection through
two grains of hexagonally packed PS
cylindrical

microdomains with different orientations was
proven by

tilting the

sample.

Also, the fact that no distinct regions
of hexagonally packed PS cylinders
were

observed suggests that

this

interconnection

is

real

and not a projection problem.

While the sample did not exhibit any appreciable
long range
sample indicated that the PS cylinders were
connected
120°,

when seen

symmetry were

in projection.

order, areas within the

at angles

Very small regions with nearly

of approximately
six-fold

also occasionally seen, as indicated in
Figures 6.4a

and four-fold

and b,

respectively.

These observations suggest
tetrahedrally connected.

that the short

PS

cylinder-like

microdomains are

A tetrahedral arrangement is also the basis of the obdd
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microdomain morphology.

In the

obdd morphology,

tetrapods are linked at their

corners in a highly ordered fashion
to yield two sets of
interpenetrating diamond
networks. When viewed by TEM,
orde rc d tetrapods produce
symmetrical projections.
If the tetrapods

were linked

at their

corners but not in a highly
ordered fashion, only

small regions with nearly four-fold
or six-fold symmetry would
be observed in
projection.

fashion

is

The

interconnection of the tetrapods in
a highly ordered and in
a random
similar to the interconnection of
Si0 2 tetrahedra, wherein regular
linking

yields an ordered crystalline form
of

Si0 2

(see Figure 6.5a) and

random

linking of the

tetrahedra produces a silica glass (see
Figure 6.5b).

The morphology

in the

bulk of the 82 arm star

therefore, appears to consist of a

random

linking of

similarity to the basic structural unit of
the

PS

SB

diblock copolymer,

tetrapods.

Because of the

obdd microdomain morphology and the

apparent continuity of both the PS and

PB

the "disordered bicontinuous tetrapod"

(DBT) microdomain morphology.

formation in the 82 arm sample

phases,

may be due

to a

I

shall refer to this

is

each arm having a molecular weight of 29,000 g/mol,
the 82 arm

star

total

Its

number of factors. Most obvious

the fact that the total molecular weight of
the star macromolecule

copolymer has a

morphology as

very large. With

diblock

molecular weight from the arms of 2.4 x 10 6 g/mol.
The

molecular weight of the

star

is

total

and the large number of arms greatly hinders the

diffusion of these macromolecules. Hence, long range
ordering of the microdomain

morphology

is

kinetically hindered.

Although annealing was performed for 12 days,

because of the slow kinetics, longer annealing times or higher temperatures

may be

necessary for the 82 arm

also used

to investigate the bulk

star.

However in

this dissertation

microdomain morphology of an

copolymer prepared under

identical conditions.

weight of this

copolymer

star diblock

is 1.1

(IS 15/47)

Even though

x 10 6 g/mol,
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work,

TEM was

star diblock

the total molecular

TEM investigations of a

sample annealed for days
7
to

at

1

15 o C have shown that this
annealing time

is

sufficient

allow for the development
of the PI obdd morphology.

The 82 arm SB

star also

has a large core linking
agent molecular weight and

hence, core size. For an
18 ann star prepared with the
linking agent seen in
Table 4 4
the total molecular weight
of the core linking agent
is calculated to
be 420 g/mol

However,
agent

for the 82

arm

star

SB

diblock, the molecular
weight of the core linking

calculated to be 4,612 g/mol,
assuming 41 hydrosilylated
repeats along the
poly(l,2-butadiene) chain and 1 unreacted
1
repeats. It is obvious
that the core size
is

will be larger for the star
prepared with the

linking agent for the 18

The

1

8

silicon

arm

arm

star appears

82 arm linking agent.

more

radial than that for the

82 arm

star.

linking agent has a small center
containing two carbon atoms and
two

atoms and attached

agent consists of reacitve

to this are six arms.

sites distributed

On

the other hand, the

than in the 18

arm

82 arm linking

along a modified poly(l ,2-butadiene)
chain.

Therefore the size and the shape of the
linking agent

The

In addition, the

in the

82 arm

star are different

stars.

different linking agent, as well as the
kinetic hindrance,

may

also be

responsible for the absence of the obdd
morphology in the 82 arm sample. With a
larger core, the

PB

matrix chains attached to this core

may

not be accomodated in the

usual space surrounding the obdd channels.
This could result

morphologies and hence,

may

account for the

in the

formation of

DBT microdomain morphology

new

seen in

Figure 6.4.

6.2 Influence of an External Surface Constraint

In this section, a discussion of

how

the

microdomain morphology and hence

the macromolecular conformations of block copolymers
which form the
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obdd

rmcrodomain morphology
will

in the bulk are influenced

by an external surface
constraint

be given. The geometric frustration
imposed by a two-dimensional
external

surface constraint

is

more problematic

lamellar, cylindrical, or spherical

continuity of the

IMDS. As was

for the

obdd microdomain morphology
than

microdomains because of the
three-dimensional
the case for the samples
investigated in Chapter
5,

one must also consider whether the
lower surface tension block

in the

segregate to the external surface. If
this segregation does occur,
then

macromolecular conformations and the shape
of the

IMDS

A linear diblock copolymer containing PS and PI

copolymer

how

will

are the

influenced?

blocks was cast into thick

films and annealed using the protocol
discussed in Chapter 4. Cross-sectional
results

for

on a stained-only IS 10/21 linear diblock
copolymer indicate

TEM

that a

morphological transition from three-dimensionally
continuous PI obdd microdomains
to

one-dimensionally continuous PI microdomains
occurs

While such a

transition

in the near-surface region.

was always observed, the number of layers of
one-

dimensionally continuous PI microdomains formed
beneath the surface varied
considerably. In

some

regions, one-dimensionally continuous PI
microdomains were

seen at depths as large as the
(typically

Os0 4 penetrated during the

4 ^m). Other areas only showed one or two

surface staining procedure

layers of the one-dimensionally

continuous PI microdomains before the microdomains
became interconnected to form
the

obdd microdomain morphology.

projection of the PI

obdd morphology

external surface and above

microdomains

this,

in projection.

tilted

projection.

is

1

1)

wagon-wheel

seen approximately 0.5 |xm beneath the

one can see alternating layers of PS and PI

However, projections

packed circular PI microdomains

when

In Figure 6.6a, the (1

in other regions

in the near-surface region (see

show hexagonally

Figure 6.6b), which

about an axis perpendicualr to the external surface yield the layer

Based on these two

projections, the near-surface
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morphology of the IS

^
^
^

0/2, dio.oc* copolymer
consjsts of hexagona]iy

w.th their axes and the

Chapter

5 for

sables

,

100) pianes

t0

^

^

p] cyiindrfcai microdo[

extemal

As

containing cyhndrica.
.icrodotnains in the buIk
, the

surface orientation for
cylindrica,

n^otnains

8

^

prefer^

with the axes of the
cy.inders

is

parallel to the external
surface.

Hasegawa et

al.

[25] have observed a similar
transition in a linear SI
diblock

sample containing PI obdd
microdomains
i-

in the bulk.

T^ey, however, suggest
that

a non-equilibrium effect
created during solvent
evaporation, which

surface.

While

their

is

fastest at the

sample was not annealed, the
PI cylinders observed

extemal surface of the IS 10/21
diblock copolymer sample
examined
were present after annealing for
one week at 1 15 o C

it

at the

in this

work

.

Although such a morphological

transition

was always observed

in the

slow

solvent cast and annealed thick
films of the IS 10/21 diblock
copolymer, a surface
layer of the lower surface tension
PI block was not always
apparent. In the

images

seen in Figures 6.6a and 6.6b,
unstained material
PI cylinders.

However

in

is

present on top of the last layer
of

other regions, a planar surface
layer of PI was present.

In order to rule out the
possibility that surface segregation
of contaminants
(see the

Appendix) was the cause of this near-surface
morphological

transition, a

portion of the cast and annealed IS
10/21 sample was cut in half and the
freshly

created surface was annealed. After
annealing the
cross-sectional

new

surface for 3 days at

1

15 o C

TEM results indicated that a PI surface layer was always present

at the

external surface. Beneath the PI surface
layer, two types of microdomain

morphologies were observed.

In approximately

along the surface investigated by cross-sectional

75%

of the several

TEM,

a transition

mm of length
from

interconnected PI microdomains to one or two
layers of PI cylinders, with their axes
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,

the

TEM micrograph shown in Figure 6.7a.
Hie other morphology observed
beneath

the surface layer of PI
consisted of an

mterconnected PI microdomain
morphology. While some
regions did not exhibit a
regular interconnected PI
morphology beneath the PI
surface layer, most regions
exhibited the highly-regular P,
obdd microdomain morphology
beneath the PI surface

A cross-sectional TEM micrograph showing

layer.

a typical (111) projection
of the

well-ordered PI obdd microdomain
morphology beneath the PI surf**
,ayer in a eu,
and annealed IS 10/21 diblock
copo.ymer samp.e, is seen in
Figure 6.7b. Based on
the fact that the

surface

same

orientation of the (111) pr„
jection with respect ,„

was observed over

^

ex[emal

large areas of the sample, the
preferred orientation

observed for the obdd microdomain
morphology

is

with the

{ 1

10) planes parallel to

the external surface.

An

interesting point to note about the
regions in

which the PI obdd

morphology, rather than layers of PI
cylindrical microdomains, are
observed beneath
the external surface

is

that there

is

no interconnection of the PI surface
layer and the

underlying PI obdd morphology. Since the
basic motif of the PI obdd morphology
a PI tetrapod, this implies that one of
the arms of the
the PI surface layer

is

first

is

layer of PI tetrapods beneath

always absent. The missing arms of the

first

layer of PI

tetrapods are the arms which are directed
towards the external surface.
In addition to the solvent cast and annealed,
and cut and annealed IS 10/21

diblock copolymer sample, a morphological
transition from obdd microdomains to
cylindrical

microdomains has also been observed

in the binary

diblock copolymer

blend discussed in Section 6.1.1. As described in
Section 6.1.1, a binary blend of
10/23 and

SB

10/10 resulted in the formation of

Cross-sectional

PB obdd microdomains

BS

in the bulk.

TEM investigation of the solvent cast and annealed diblock copolymer
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blend sample indicated the
presence of PB cy.indricai
microdomains beneath ,he
externa, surface. In al. of the
regions investigated, PB
cyhndrical microdomains with
the, axes paral.el ,„ the
external surface were
observed exclusively within
the

external surface staining
depth of the

Os04 A PB
.

surface ,ayer

2

m

was always observed

for this sample and these
morphological features can be
seen in Figure 6.8.

Based on the cress-sectional

BS

10/23 and

SB

morphobgical
due

TEM results for the IS

10/10 diblock blend sample,

transition

from obdd

to a non-equilibrium effeet
as

was always observed

in

i,

is

to cylindrical

Hasegawa et

al.

10/21 sample and for the

therefore concluded that the

microdomains
[25] claim.

is

indeed real and not

While such a

slow solvent cast and annealed
samples,

in the cut

transition

and

annealed IS 10/21 diblock copolymer
sample PI obdd microdomains
were also
occasionally observed beneath the
external surface. In their strong
segregation limit
theory,

Anderson and Thomas

[27] have

shown

between cylindrical and obdd microdomains
both of these microdomain morphologies

is

that the free

energy difference

very small. Thus, the coexistence
of

in the near-surface region is

not totally

unexpected based on the small free energy
difference between cylindrical and obdd

microdomains.
Closer consideration of the regions

morphology was observed beneath
10/21 sample, reveals
cylindrical

some

in

which the PI obdd microdomain

the PI surface layer, in the cut

interesting similarities to the regions in

microdomains were observed beneath the PI surface

previously, the

{ 1

and annealed IS

which the PI

layer.

As

10} planes of the PI obdd microdomain morphology were the

preferred orientation beneath the PI surface layer.
Also, the arms of the

PI tetrapods directed towards the PI surface layer
were missing.
first

discussed

If the

first

layer of

arms of the

layer of modified PI tetrapods which are directed
towards the bulk of the sample

are ignored, then a projection along the direction
normal to the external surface, (110),
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of the

ayer

binder of the first layer of modified PI

will consist of

projection

is

two

sets of p,a„ar

seen in Figure 6.9a.

If

2ig. Mg s of

^ ^
^„

„ microdomain ,

one considers the

m.crodomain morphology, men having
surface layer will maximize
the

tetrapods

te trapod

Suc „

fl

motif of the obdd

the (1,0) planes
oriented parallel to the PI

number of arms of the interconnect*,

tetrapods in a

Plane parallel to the externa, surface.
For a tetrapod, the six
,1,0, p,anes contain
pairs of arms. A projection
along the direction normal
to the external surface
for

regions which have PI cylindrical
microdomains beneath the PI
surface layer, (100),
will include only a single
layer of PI cylinders and
this projection is seen
in

Figure 6.9b.
In addition to the preferred
orientation of the

obdd microdomains and the

morphological transition to cylindrical
microdomains, the lower
tension block

was observed

critical surface

to segregate to the external
surface of the

containing obdd microdomains in the
bulk. For the samples forming

microdomains, an approximately planar

PB

obdd microdomains or

was

transition.

PB

all

have values of zero

nm

approximately 8.0

nm was measured.

SB

was observed and a PB
Values of 6.0

were observed for the IS 10/21 sample,

10/10, a surface layer

cylindrical

nm

microdomain radius of

and 5.9 nm, respectively,

as seen in Table 6.1.

The

similarity of the

radius of the cylindrical microdomains to the surface
layer thickness
the findings discussed in Chapter 5 on the

microdomains

PB

or PI cylinders resulting from the
morphological

approximately 7.5

cylindrical

obdd

copolymer forming PI obdd microdomains

For the binary blend of BS 10/23 and
thick

or PI

surface layer for the diblock blend
forming

for the IS 10/21

similar to the radius of the

PB

or PI surface layer was observed.
Hence,

H (surf), H surf(PB obdd), and H (PI obdd)
surf
The thickness of the planar

samples

BS

in the bulk.
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is

consistent with

10/23 sample which contains

PB

I« i.

also possible ,o ca.cu.ate
the

junction along the

IMDS

for the bulk

obdd micradomains

mKrodomains, and the IMDS beneath
sample ate shown

dunng

in

the transition

Table

6.2.

mean

curvature, there

IMDS.

is

Accompanying

IMDS. Even

cutandanneaiedlS .0/21 sample where
motphology was observed beneath

although the

mean

seen ,„ increase

incase and

the

to

debase for

decrease in

the

same

the

(

copolymer chains are thus

in regions of the external
surface of the

110) planes of the PI obdd

micmdomain

the PI surface layer, the
thickness of the PI surface

as the radius of the

»

s

of the PI tetrapods. Thus,

curvature and area per junction
along the

IMDS

the formation of the planar PI
surface layer, the PI chain extension

IMDS

is

microdomains and

In approaching the externa!
surface, the SI diblock

was approximately

IMDS

a constant decrease in the
area per junction along
the SI

getting closer together along
the

layer

curvature of the

to PI cylindrical

the formation of the PI
surface layer.

,

^^^^

«be surface layer.
Results for the IS 10/2,

The mean

from PI obdd

„
^

mean curvature of

decrease during

away

fmm the

SI

remains approximately constant.
Similar calculations cannot, however,
be performed on the linear diblock
blend

which forms PB obdd microdomains

in the bulk.

interesting fact that the composition of
the

PB

The reason

cylindrical

surface layer cannot be determined. Are
the near-surface

for this

is

due

to the

microdomains and the

PB

PB

cylindrical

microdomains formed by the BS 10/23 copolymer
chains exclusively, or do they
contain

SB

10/10 diblock copolymer chains also? Comparison
of the measured radius

of the near-surface

PB

cylinders in the blend to that in the pure

forming, diblock copolymer indicates that the

of the blend are somewhat smaller. Also,
10/23 chains, the

SB

PB

the

is

BS

10/23,

PB

cylinder

cylinders in the near-surface region

PB

surface layer formed by the

BS

10/10 chains, or a mixture of the two? The thickness of the

surface layer in the blend

is in

between

that

observed for the pure
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BS

PB

10/23 diblock

cresting

future experiments

which

will be discussed
in

A star diblock sample containing PS
mvestigated. Cross-sectional

more

detail in Section

obdd microdomains

TEM results on a slow solvent cast

in the

92

bulk was also

and annealed

(SI 10/19)
18 diblock copolymer sample indicate that
the PI inner block
segregates to
the external surface. The

microdomain morphology formed
by the minority

component PS

blocks, beneath the PI blocks
at the external surface,

the three-dimensionally
continuous

the bulk of the sample.

was

identical to

PS obdd microdomain morphology
observed

A morphological transition

in

to layers of one-dimensionally

continuous PS cylindrical microdomains
beneath the external surface was
not
observed. Cross-sectional TEM
results also indicated the
dominance of one particular
orientation of the

PS obdd microdomain morphology

Based on the orientation of the

(1

1

1) projection

in the near-surface region.

of the

PS obdd microdomains with

respect to the external surface (as
seen in Figure 6.10), the preferred
surface
orientation for the

PS obdd microdomain morphology

is

with the {110} planes

parallel to the external surface.

In

summary,

morphology

in the

it is

therefore noted that samples forming
the

bulk exhibit preferred orientations of the
obdd microdomain

morphology or undergo morphological
cylindrical

obdd microdomain

microdomains

transitions to one-dimensionally continuous

in the presence of an external surface
constraint.

preferred surface orientation of the obdd
microdomain morphology

planes parallel to the surface. The
cylindrical

{

is

The

with the {110}

100} surface orientation of the surface-induced

microdomain morphology

is

consistent with the results for the cylindrical

microdomain forming diblock copolymer samples discussed
the lower critical surface tension block, PI or PB,
the external surface.
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is

in

Chapter

always observed

5.

In addition,

to segregate to

6.3 Influence of a Thin Film
Constrain, on the

A ,hin film contains two types of

OBDD Morphology

interfacial constraints.

One

interfacial

constraint, already discussed,
is the external
surface constrain,, while
the second

polymer/ substrate
constraints,

interfacial constrain,.

The distance between

the

two

is

the

interfacial

the film thickness, also
introduces another constrain,
on the system

i.e.

This additional constrain,

is

a thickness constrain, and,
hence, ,hi„ films allow one
,o

investigate the influence of both
interfacial and thickness
constraints.

A dilute solution drop.et method was used
in

Chapter

to prepare the samples,
as described

This technique yields thin copolymer
films on a carbon substrate
which
are then annealed, Os0 stained,
and viewed in projection along
4
the film thickness
4.

TEM.

direction in the

Previous work [165] using the
same thin film preparation

method for linear SB diblock copolymers,
which form PB
lamellar microdomains in the bulk,
has
integral

shown

spherical, cylindrical, or

that the film thickness is
quantized into

numbers of layers of the microdomains.
Terracing of the film thickness

into

one and two layers of hexagonally packed
PB spherical microdomains for thin films
of a

BS

10/65 diblock copolymer was observed and

in Figure 6.1

1.

At the outer edge of ,he

the peripheral region (denoted
indicates that for the

BS

by a P

PB

in the

TEM micrograph

an extremely thin region known as

in Figure 6. 1 1) is observed.

No PB

are observed in this thin area of the film.

state

shown

Figure

6. 1

10/65 sample uniform contrast in the peripheral
region

observed when viewed in projection.

uniform contrast

thin film,

is

in the peripheral region

rich regions

While Henkee

and hence

et al. [165]

is

PB microdomains
suggested that

could either be due to a miscible single phase

of the copolymer or to interfacial segregation of the
lower critical surface tension

block, further discussion and an explanation to account
for the morphology in the

peripheral region of thin block copolymer films will be
reserved for Chapter 7.
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* *» sctton, we are interested in wha( happens
normally forms the

when h
di

me„sion for the obdd microdomain

containing

may

fil

ms of an

IS

,

^

be iess than the „„ it

morphology. Lineir

H and PS obdd microdomains in the bulk were

projections of thin

Because the contrast
observed

,„

in

from the drop le , edge

as the fibn thickness
increased

microdomains became interconnected.
The three

copolymer

fil

different regions for

m prepared on a carbon substrate are seen

in the

TEM

9/44 dib.ock cop oIymer,
a periphera. region
which

meandering P, microdomains
were observed, and

the IS 19/44

cell

copolymer

investigated. In

appears uniform in projection
was always observed. Further

further these PI

^

copoiymef

c „ ntinuous obdd

confined ,„ a thin film whose
thickness

is

(o a

in

Figure 6.12a

region containing meandering
PI microdomains was no,

change significantly during

tilting i„ the

TEM,

this suggests that the

meandering PI microdomains are
cylindrical PI microdomains
with

their axes in the

plane of the film, rather than
lamellar microdomains with
perpendicular interfacial
orientations.
is

The

in-plane orientation of the
meandering PI cylindrical microdomains

consistent with previous thin film
results on a linear

containing

PB

microdomains

cylindrical
in the

BS

10/23 diblock copolymer

microdomains [165]. The orientation
of the cylindrical

presence of the two interfacial constraints

is

the external surface results
discussed in Chapter 5 for the linear

also consistent with

BS

10/23 sample.

In thicker regions of the IS
19/44 thin film samples, interconnection
of short

PI cylindrical microdomains was
observed. The interconnection of the PI
cylindrical

microdomains may be seen

in Figure 6.12b.

interconnection of the PI cylinders that

is

While one may argue

that the

observed could simply be due to the overlap

of two layers of PI cylindrical microdomains,
the external surface results presented

Chapter 5 and previous thin film

results [165]

the orientation of the axes of the

PB

have shown

cylindrical
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that in a

microdomains

is

BS

the

in

10/23 sample,

same

in both the

first

and second layers beneath
the

interracial constraints.

between the fim and second
layers
results

is

The only

difference

the lateral shift of
the cylinders

m the hexagonal packing of cylindrical

microdomains. This

which then

is

clearly not the

case for the IS 19/44 diblock
copolymer sample.

TEM results for thin films of an SI 42/83
obdd microdomains

in the bulk of thick
films, also indicate a
morphological transition

in the thinner regions

IS 19/44 diblock

observed

at the

diblock copolymer, which
forms PS

of the film. However, unlike
the thin film results for
the

copolymer sample, the meandering
PS

edge of the

As seen

thin film.

in the

cylindrical

TEM projection in Figure 6. 13a,

the contrast in the peripheral
region of the SI 42/83 thin film

contains meandering

PS

the short

PS

cylindrical

cylindrical microdomains.

microdomains are

As

is

not uniform, but

the film thickness increases,

microdomains become interconnected,

as can be seen in

Figure 6.13b.

A thin film of the 82 arm star diblock copolymer
was

also investigated. Although the

the typical

discussed in Section 6.1.2

(SB 10/19) 82 had a PS volume

PS obdd composition window,

the

fraction within

DBT morphology was observed in the

bulk of slow solvent cast and annealed
thick films of this sample. The
morphology

observed

in thin films

of

this star

diblock copolymer was very similar to that
in the SI

42/83 linear diblock sample. As seen

microdomains are observed
short

PS microdomains

regions of the film.
similar to the

at the

in Figure 6.14,

meandering PS cylindrical

edge of the thin film and interconnection of the

results in a

PS

The morphology

tetrapod-like

in the thicker

morphology seen

in the thicker

regions of the thin films

is

very

DBT morphology that was observed in the bulk, mm thick films.

Therefore, in copolymer samples which form bicontinuous
microdomain

morphologies in the bulk of thick films, a morphological transition
cylindrical

to

meandering

microdomains was observed when the microdomains are confined by a
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*,„

fito,

contain,

If

fc

film thickness

*e th-ckness contain, present,

is

mrcrodomains was always found

copolymer / carbon substrate

„

^^

no, unreasonable.

^^ ^^
^

The

axis of the cylindrical

Co lie parallel to
both the external surface

interfacial

^

and

constants. In the copolymer
sample

containing PI microdomains,
the peripheral region
appeared uniform in projection
whde in the diblocks containing PS
microdomains, projections of
the peripheral
region contained meandering

PS

cylindrical microdomains.

increased, the short cylindrical
microdomains

As

the film thickness

became interconnected

me DBT

,„ form

morphology.

While the morphology

in the thicker regions

was

tetrapod-like,

none of the

high symmetry projections of
the obdd microdomain
morpholgy were observed in

TEM projections along the film thickness direction.
projected thin film microdomain
morphologies

is,

Interpretation of images of the

however, more complicated than

cross-sectional images of the external
surface of a bulk specimen. If
there

morphological transition
constraint, as

to cylindrical

was discussed

is

a

microdomains because of the external
surface

in Section 6.2, or similarly

because of the copolymer/

carbon substrate interfacial constraint,
then even for thin films with
thicknesses much
larger than ao
bdd typical bulk projections of the
,

observed

in projections of thin films.

layers of cylindrical

the intervening

The reason

microdomains present

at

obdd morphology
for this

is

due

will not

be

to the fact that the

both interfaces would be projected onto

obdd microdomain morphology,

resulting in a

complex two-

dimensional

TEM projection. A much better technique to explore the microdomain

morphology

in thin films, without this projection
problem,

However because

the films are typically less than

200

is

cross-sectional

nm thick

and are not

macroscopically continuous, sample preparation for
cross-sectional
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TEM.

TEM of thin films

»

by

for the one

6.4

to

^

solution

^

method

.

much more

mm thick specimens.

M^^

Summary

In this chapter, the
influence of a single external
surface constraint and
a thin
film constraint on the
morphology

of copolymer systems having
minority component

compositions within the obdd
microdomain morphology composition
window was
investigated. Besides the usual
linear and star diblock
copolymers which form obdd

microdomains, the

interfacial (surface)

copolymer systems, with compositions

and bulk morphologies of
several other
in the

obdd window, were

investigated.

The

formation of obdd microdomains in
a blend of linear diblock
copolymers having
similar minority

component molecular weights was
demonstrated.

copolymer having an arm number much

obdd microdomains was

82 arm

star

SB

star

were

in

shown

to exhibit

PS minority component

accord with previous observations, an

diblock copolymer exhibited a disordered
version of the obdd

morphology called

may

larger than those previously

also investigated. Although
the

composition and position within the

A star diblock

the

DBT microdomain morphology.

While such a morphology

be due to the high molecular weight of
the macromolecule, a similar morphology

was observed

in annealed thin films in

which kinetic

factors should not be as

problematic. Hence, the high arm number and
shape of the core linking agent
also contribute to the appearance of the

may

DBT morphology.

Results from the external surface and thin film
investigations have shown that
a morphological transition can occur in the
presence of interfacial or thickness
constraints.

When the film thickness

is

on the order of the obdd unit

cell

dimension,

thickness constraints induce a morphological transition
from the three-dimensionally
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continuous obdd microdomain
morphology t„ one-dimensionally
connnuous
cyl.ndrical microdomains.
Ttee cylindrical microdomains
a, oriented with their
axes in the plane of the film.
Such a transition to
cyhndrical microdomains
has
been observed at the external
surface of thick fllms
containing microdot^
of the
lower critical surface tension

^

block.

In thick samples

which did no, exhibit such a
surface-induced morphological

transttion, the preferred
surface orientation

of the obdd morphology
was with the

(110) planes parallel to the external surface.
The arms of the

first

layer of tetrapods

oriented towards the external
surface, for this orientation
of the obdd morphology

were absent. Tbe

1 1

10) surface orientation

parallel to the surface contain
pairs of

is

the only orientation in
which

tire

planes

arms of the basic tetrapod motif
of the obdd

morphology.
Therefore, as was the case for
samples which exhibited lamellar,
cylindrical,

and spherical microdomains

in the bulk, the

in preferred surface orientations
of the

are also

presence of an external constraint
results

microdomains. These preferred orientations

accompanied by the formation of a continuous
surface layer of the lower

critical surface tension block.
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Table
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nm
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nm
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nm

^- -

surf
(PI)
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Curvature of the SI
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nm
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">e Near-Surface
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Surface
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nm^

PI obdd
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PI surface layer

0
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(a)

(b)

Figure 6.1

Obdd microdomain morphology observed

in the bulk of an IS 19/44
diblock copolymer sample and a computer
simulation of the (1 1 1)

wagon-wheel projection, (a) The (100) projection
with four-fold
symmetry and (b) the (111) projection with regions

of three-fold and

symmetry are shown. A computer simulation of
the (111)
wagon-wheel projection and the distance between nodes
of three-fold
symmetry along the
10| direction, d
are also seen
six-fold

[

1

cc

224

,

in (b)

Lamellar Diblock

Cylindrical Diblock

(AB)j

OBDD

(AB)
2

Figure 6.2

Obdd microdomain morphology
diagram

in

Binary Blend

in

diblock blends,

illustrating the formation of an

IMDS

(a)

Schematic

of different mean

curvature in a blend containing 20 weight percent of an SB 10/10,
(AB)i, diblock copolymer and 80 weight percent of a BS 10/23,

(AB)2, diblock copolymer,
projection of the

(b)

TEM micrograph of the

PB obdd microdomain morphology

a blend.
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(1

1

1)

observed

in

such

Figure 6.3

TEM micrograph of the bulk microdomain morphology of an
(IS 23/10)4 star di block

copolymer sample. With a PS volume fraction

of 0.27, a star with 4 arms exhibits PS cylindrical microdomains rather
than

PS obdd microdomains.
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(a)

Figure 6.4

TEM micrographs of the "disordered bicontinuous tetrapod"
microdomain morphology

in the

bulk of an (SB 10/19)g2

(DBT)

star

diblock

copolymer sample annealed for 12 days at 1 15 °C. In the DBT
morphology, short cylinder-like PS microdomains interconnect in a
random manner, rather than in a long range ordered assembly as occurs
in the obdd morphology. The arrows indicate very small regions with
nearly (a) six-fold and (b) four-fold symmetry.
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Figure 6.5

Schematic

illustrating the interconnection

of SiC>2 tetrahedra.

Interconnection yields (a) an ordered crystalline form and

random-network glassy form. The fourth oxygen atom
surrounding the silicon atoms lies out of plane, above the center of
triangle formed by the three coplanar oxygen atoms (see the arrow
in (a)). Adapted from Zachariasen [186].
(b) a
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the

(a)

Figure 6.6

Cross-sectional

(b)

TEM micrographs of the near-surface morphology of a

stained-only IS 10/21 diblock copolymer sample,
(a) The (1 1 1)
projection of the PI obdd morphology (arrowed) 0.5 ^irn
beneath a
transverse (100) projection of PI cylindrical microdomains
at the
external surface and (b) an axial (001) projection of hexagonally
packed PI cylindrical microdomains beneath the external surface are
shown. A clearly defined PI surface layer is not seen in either case.
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Figure 6.8

Cross-sectional

TEM micrograph of the near-surface morphology of a

stained-only sample of the

BS

10/23 and

SB

10/10 diblock copolymer

blend which shows an axial (001) projection of

microdomains

in the near-surface region.

clearly seen.
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A

PB

cylindrical

surface layer of

PB

is

also

(a)

AWWWWWWWW

AWWVWWWWWV
(b)

Figure 6.9

Schematics showing the microdomains beneath the PI surface layer for
samples which form PI obdd microdomains in the bulk, (a) Schematic

showing the

(1

10) projection of the first layer of modified PI tetrapods

beneath the PI surface layer for the case in which the

{ 1

10} planes of

obdd microdomain morphology are parallel to the external
surface. The arms of the first layer of PI tetrapods which are directed
the PI

towards the bulk of the sample (indicated by the dashed arm in the
accompanying tetrapod schematic on the right hand side) have also

been excluded,

Schematic showing the (100) projection for the
layer of PI cylindrical microdomains beneath the PI surface layer.
(b)

232

first

Figure 6.10

Cross-sectional

TEM micrograph of the near-surface morphology of a

stained-only (SI 10/19)ig star diblock copolymer sample showing the

(111) projection of the
external surface.

From

PS obdd microdomains immediately beneath
the orientation of the (1

1

1)

wagon- wheel

projection, the {110} planes are parallel to the external surface.
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the

carbon

0%

Figure

6. 1 1

*

TEM micrograph showing the projection along the film thickness
10/65 diblock copolymer sample. The terracing of
the film thickness into one (1) and two (2) layers of hexagonally
packed PB spherical microdomains is indicated in the micrograph.

direction of a

The

BS

thinnest, peripheral region (P) has

in projection.

234

uniform contrast when viewed

(a)

Figure

6.

12

(b)

TEM micrographs showing projections along the film thickness
direction of an IS 19/44 diblock copolymer sample which forms PI

obdd microdomains

in the bulk,

(a)

A peripheral region (P) which

appears uniform in projection and meandering PI cylindrical

microdomains are observed near the edge (E) of the

droplet,

(b) In thicker regions of the film, interconnection of short PI

cylindrical

microdomains

is

seen to form the
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DBT structure.
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.22

Figure 6,14

TEM micrograph showing a projection along the film thickness
direction of an

forms the PS

(SB 10/19)g2

star diblock

copolymer sample which

DBT morphology in the bulk.

Meandering PS

cylindrical

microdomains are observed up to the edge (E) of the droplet.
Interconnection of short PS cylindrical microdomains in thicker
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CHAPTER 7

MICRODOMAIN MORPHOLOGY IN THIN

FILMS PREPARED

RAPID AND SLOW SOLVENT
EVAPORATION

In

any block copolymer investigation,
there

truly at equilibrium or if

one

is

is

kinetically trapped in

improve the chances of reaching a
near-equilibrium

technique which

is

known

may

be prepared. In

some metastable

state,

transition temperature of the
blocks for various times

films rather than thick films

the question of whether

this

is

state.

one

is

To

annealing above the glass

usually employed. Also, thin

work, both a spin-coating

to result in very rapid solvent
evaporation

and a slower

solvent evaporation technique are used
to create thin films of diblock
copolymers.

Section 7.1 discusses the morphology in
unannealed and annealed thin films
prepared

by the rapid solvent evaporation, spin-coating
technique. The

results of this section

are then used to help interpret the
morphological data on thin films of block

copolymers prepared by a slower solvent evaporation,

The droplet data and a model
prepared via

this

morphology

method.

in the thinnest regions of the films

technique are presented in Section 7.2. Finally,
a summary of the

microdomain morphology

7.1

for the

dilute solution droplet

in thin films

of diblock copolymers

is

given in Section 7.3.

Rapid Solvent Evaporation during Thin Film Formation

In addition to the preparation of one

mm thick films of block copolymers, a

spin-coating technique was employed to create films with uniform
thicknesses of less

than five fim.

The experimental

conditions used during the spin-coating process
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(see Section 4.2.2.2) involved
rapid evaporation of the
soivent. Although not

quantitatively measured, based on
the fact that the time
to create visually "dry"
film,
was shorter for the spin-coating method,
the solvent evaporation
rate

was

significantly

larger than in the thin films prepated
from dilute solution droplets.
For spin-cast films

of homopolymers, the solvent
evaporation rate

morphology since the material

will be influenced

present in this preparation technique.

microdomains
process.

The

not critical in determining the

consists of only a single
phase.

copolymers containing two immiscible blocks,

microdomain morphology

is

As

in the near-surface region

it is

However, for diblock

necessary to consider

how

by the rapid solvent evaporation

the
that is

discussed in Chapter 5, the orientation
of the

may

be influenced by the solvent
evaporation

influence of the external surface constraint
and the copolymer / substrate

interfacial constraint are also

of interest

in the thin films

prepared via the spin-coating

technique.

Spin-cast thin films of two linear

examined

BS

in

SB

diblock copolymer samples previously

Chapter 5 were prepared. The linear diblock copolymers
employed, a

28/185 copolymer and an

SB

40/40 copolymer, are known to form

and alternating PS and PB lamellar microdomains, respectively,
slow solvent cast and annealed thick
investigate the

films. Cross-sectional

microdomain morphology

in the

in the

PB

spherical

bulk state of

TEM was used to

unannealed and annealed spin-cast

thin films.

7.1.1

BS

28/185 Diblock Copolymer

Based on

TEM cross-sections of the film thickness direction, the spin-coating

procedures employed in

this dissertation yielded quite

Although the solvent evaporated very rapidly
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(in less

uniform film thicknesses.

than 10 seconds) during the

formation of the spin-cast thin films,
microphase separation into

phases was observed in the unannealed

As seen

in Figures 7.1a

and b

BS

PB and PS

rich

28/185 linear diblock copolymer
samples.

for unannealed samples
spun

on carbon-coated and

uncoated sodium chloride substrates, respectively,
the microdomain morphology
the spin-cast thin films contains
non-continuous

However, the shape of the PB microdomains

microdomains

in

PS

matrix.

different than that observed in
the bulk

is

28/185 samples exhibited ellipsoidal

PB

TEM micrographs obtained with the projection direction along

radial direction of spinning.

Maximum

BS

in a

mm thick films.

of slow solvent cast and annealed one

Unannealed, spin-cast

PB microdomains

The long

axis of the ellipsoid

and minimum diameters of the projected

to a diameter of 31

and compressed

nm for the bulk PB

is in

ellipsoidal

approximately 41 and 14 nm, respectively. Thus, the
in the plane of the film

substrate.

Although layering of the

the

the plane of the film.

PB microdomains

PB microdomains

are

are elongated

in the film thickness direction. This

compares

spherical microdomains formed by the

28/185 copolymer. The directions of the elongation and compression of the

microdomains are consistent with the

in

BS

PB

biaxial spreading of the solution over the

PB

ellipsoidal

direction of the unannealed spin-cast thin films

microdomains

was observed,

in the film thickness

the stacking between

adjacent layers was not correlated and hence there was no long range ordering of the

PB

microdomains. Therefore, during the preparation of

thin films of the

BS

diblock copolymer via the spin-coating technique, the preferred shape of the

IMDS

28/185

SB

and hence the macromolecular conformations of the PB and PS chains

are

perturbed.

A well defined continuous coating of the lower critical surface tension PB
block was not apparent

at the external surface, as

Determination of the possible segregation of the
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can be seen in Figures 7.1a and

PB

b.

chains to the copolymer / carbon

coated sodium chloride substrate
interface
thick carbon support film
buckled at

is

complicated by the fact that the 10

some time during

procedure. However, cross-sectional

nm

the sample preparation

TEM results for unannealed BS 28/185

copolymers spin-cast on sodium chloride
revealed

that preferential segregation
of the

PB

block to the copolymer sodium
/
chloride substrate interface,
to form a complete

PB

imerfacial layer, does not occur.
Therefore, the rapid solvent
evaporation

procedure used to prepare the thin films
of the

BS

28/185 copolymer suppresses the

formation of continuous interfacial layers
of the lower

block

at

both surfaces.

Upon

annealing at a temperature

temperature of the PS and

PB

PB was

defined layer of

observed

chloride substrate interface.

BS

micrograph

15

°Q above the glass transition

morphology
at

in the spin-cast thin films.

The presence of PB

Changes

TEM results
A clearly

both the external surface and copolymer

28/185 spin-cast thin film

in Figure 7.1c.

(1

blocks for two weeks, cross-sectional

indicate significant changes of the

annealed

PB

critical surface tension

is

shown

in the

/

sodium

layers at both interfaces for an
in the cross-sectional

mean

curvature of the

TEM

SB IMDS

are also

seen upon annealing the thin film. Cross-sections of
the annealed thin films show that
the projections of the

PB microdomains

are circular rather than ellipsoidal, as seen in

Figure 7.1c. The variation in the diameter of the
to the fact that the

the

PB

particularly true

when

PB

by the

due

TEM projections will contain circular

with diameters less than that of the actual
the thickness of the section

spherical microdomains.

thus given

circles seen in Figure 7.1c is

microtomed cross-sections of the film may contain only portions of

spherical microdomains. In such a case,

PB microdomains

PB

The

is

actual diameter of the

largest diameter of the

PB

sphere. This

is

close to the diameter of the

PB

spherical microdomains

circular projections.

spherical microdomains in the annealed thin films, 34
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PB

is

The diameter of the

nm for the PB

nucroao mai „ s

a« equilibriun,,

i„

Rgure 7

.

lc ,

is

veiy

^

„

^

^ ^^^
^

^

„o periodic long range ordering
of the PB

the annealed thin films.

7.1.2

SB

PB

was noted even

„

40/40 Diblock Copolymer

Cross-sectional

SB

^

TEM observations on unannealed spin cast

films of the

40/40 diblock copolymer indicated the
formation of chaotic
interconnected PS and
rich regions. This is very
different from the alternating
PS and PB lamellar

microdomain morphology, which has long
range order and a
slow solvent cast and annealed thick

films.

flat

IMDS, observed in

A typical micrograph of the bicontinous

morphology found

in

unannealed thin films spin-cast onto
carbon-coated sodium

chloride substrates

is

shown

in Figure 7.2a.

films also indicated the presence
of both

TEM observations on the unannealed thin

PS and PB

rich

surface. Hence, the rapid solvent
evaporation process

is

domains

at the external

seen to perturb the

and also the segregation of the lower critical
surface tension PB block

SB IMDS

to the external

surface.

The microdomain morphology of the
copolymer was also investigated

thin films of the

after annealing for

SB

two weeks

40/40 diblock

at 1 15 <>c.

The

annealing process did not result in an alternating
lamellar microdomain morphology
since both the
tilting in the

tension

PB

PB and PS

phases remained three-dimensionally continuous,
proven by

TEM. However,

clearly defined layers of the lower critical
surface

block were observed at both the external surface and

the substrate.

The TEM micrograph

continuous nature of both the

in Figure 7.2b

PB and PS

shows

phases and the
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at the interface

with

the three-dimensionally

PB

external surface and

substrate interface layers for an
annealed thin film spin-cas,
onto a sodium chloride
substrate.

Closer examination of the morphology

copolymer / sodium chloride

at the external surface

interface reveals that the

PB

and

phase forms a three-

dimensionally continuous microdomain
morphology that connects to the

interface layers. The morphology
immediately adjacent
consists of interconnected

PB

nm bulk PB

and annealed films of the

SB

to the

PB

PB

interfacial layers

cylinder-like microdomains, and
can be seen in

Figure 7.3. The diameter of these
similar to the 30

at the

PB microdomains

is

approximately 33 nm, which

lamellar thickness observed in thick,
slow solvent cast

40/40 diblock sample.

The attachment of the interconnected PB

cylinder-like

microdomains

interfacial layers is also seen to give rise
to periodic undulations along the

interfacial layers.

These undulations have a larger amplitude

the fact that the topography of the sample
at the external surface

with the sodium chloride,

sodium chloride

substrate.

it is

5.

The periodic undulations

the capping of the two-dimensionally continuous

morphology

is

is

consistent with

free to undulate but

at the external surface are

PB

PS

SB

40/40 sample, as

PB microdomains joining

in the bulk to the

PB

layer.

the interconnected,

is

PB

SB 40/40 film
cylinder-like

surface layer are only one-dimensionally

continuous, where the continuous direction
near-surface morphology

to

lamellae, with non-parallel

Tilting of the cross-sections of the spin-cast and annealed

reveals that the

PB

Those one-dimensionally periodic undulations were due

surface orientations, by an outermost

is

normal

to the external surface. This

similar to the recently discovered lamellar-catenoid
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PB

constrained by the flatness of the

reminiscent of those observed at the external surface of
the thick

discussed in Chapter

to the

at the external surface

than at the copolymer / sodium chloride
substrate interface, which

at the interface

is

structure [187],
this structure

which can be seen

in Figure 7.4.

While the catenoid-like pieces

in

connect two parallel sheet-like
regions, the catenoid-like
structures seen

in the spin-cast

SB

40/40 films connect the

interconnected

PB

cylinder-like microdomains (see
Figure 7.3a).

PB

surface layer and the underlying

dimensionally continuous catenoid-like
structures beneath the

PB

Such onesurface layer should

result in very different surface
undulations than the one-dimensionally
periodic

undulations observed by
the

SB

AFM for the slow solvent cast and annealed thick films

of

40/40 diblock copolymer.

Annealing of the spin-cast

two weeks

PB and PS

at

1

15

oc results

thin films of the

in the

formation of

SB

PB

interfacial layers, but alternating

lamellar microdomains are not produced.

lamellar microdomains contradicts

some

40/40 diblock copolymer for

The absence of alternating

recent results [94,121,131,162-164] on

symmetric poly(styrene-b-methylmethacrylate)

(SMMA) diblock copolymers.

Using

neutron reflectivity (NR), secondary ion mass
spectroscopy (SIMS), and optical

microscopy (OM), the formation of alternating lamellar
microdomains oriented
parallel to the external surface in spin-cast, 100-200

for 3 to

4 days

is

nm,

thin films annealed at

deduced. Although the lamellar repeats for their

copolymers (18-76 nm) are not significantly different from the 60
for the

SB

170

»C

SMMA diblock
nm lamellar repeat

40/40 diblock copolymer, the film thickness they used was a factor of ten

smaller than the film thicknesses created in these studies for the

SB

40/40 diblock

copolymer. In addition, the annealing temperature (and more importantly the
difference between

T^neal

^d Tg) they used was also much higher.

possible that the spin-cast and two

week annealed SB 40/40 sample

metastable, very early stage, microdomain morphology.

It is

It is

is still

therefore

trapped in a

expected that coarsening

will eventually give parallel lamellae oriented parallel to the interfacial constraints.
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7.1.3 Conclusions

The

early stage evolution of the
microdomain morphology in thin films of

block copolymers prepared by a spin-coating
technique was explored in

Films with uniform thicknesses between
0.1 and 2.5

m

this section.

were created. The forces

experienced during the spinning process and
the rapid (< 10 second) solvent
evaporation process were observed to perturb
the conformations of the block

copolymers. While microphase separation was

morphologies formed were not those expected
defined interfacial layers of the lower

on as-formed films

at either

still

observed, the microdomain

at equilibrium.

critical surface tension

In addition, clearly

block were not observed

of the interfaces.

Annealing of the samples relaxed the chain deformation
and allowed the lower
critical surface tension

copolymer / substrate
shape of the

IMDS

block to segregate to both the external surface and
the

interface.

for a

While annealing was able

to restore the preferred

sample forming spherical microdomains, a disordered

bicontinuous microdomain morphology remained in a sample
expected to form
alternating lamellar microdomains.

was

also noted for this sample.

A roughening of the external surface topography

The segregation of the lower

critical surface tension

block and the interconnection of the surface layer with the underlying microdomain

morphology account

for the roughness of the external surface. These results will

be used to help interpret the microdomain morphology

in the thinnest regions of

samples prepared by a slower solvent evaporation process.
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now

7.2

Slow Solvent Evaporation during
Thin Film Formation

Thin films of block copolymers
were also prepared by the
droplet

method discussed

in Section 4.2.2.1.

The

dilute solution

films produced by this
technique

do

not have uniform thicknesses, like
those created by spin-coating,
nor are they

continuous over the macroscopic areas
of several c
coating.

However, the technique employed

m2 that are easily prepared by spin-

in this dissertation
involves

much slower

solvent evaporation and, therefore,
provides samples which are
more likely to be
closer to their equilibrium state.
Justification for this statement
will be discussed
shortly.

7.2.1

Microdomain Orientation

With

in

Thin Films

the choice of the proper initial concentration
of block copolymer in

solvent, films with small

enough thickness

for

TEM examination can be created.

Preparation of thin films from copolymer
concentrations of 0.1% yielded large
regions in which the film thickness was suitable
for

along the thickness direction.

As

TEM images from projections

discussed in Chapter

solution droplet copolymer films has been

shown

numbers of layers of the microdomains. The

size

typical

to those seen in thick,

and shape of the microdomains
this technique, are generally

slow solvent cast films. Figure 7.5a shows a

TEM projection of an unannealed thin film of a BS

prepared on a carbon substrate. The
in the

PB

nm

10/23 diblock copolymer

cylinders are oriented such that their axes

plane of the film and the average diameter of the

excellent agreement with the 19

of the dilute

[165] to be quantized into integral

formed, even in the unannealed thin films prepared by

comparable

6, the thickness

PB

cylinders, 19

value observed for thick
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BS

nm,

is

in

10/23 copolymer

lie

films discussed in Chapter
5.
the

thm

films

is

The

fact that the size

and shape of the microdomains

similar to that expected from
the bulk results, and
the fact that no

cystic changes were observed
upon annealing, suggests

does yield morphologies which are
closer

morphologies seen
It is

in

that this preparation

method

to their equilibrium
state than the

in the rapid solvent
evaporation, spin-coating

method.

interesting to note the similarities
of the morphologies
observed in the

samples prepared by the slow solvent
evaporation droplet method and

in the near-

surface region of the samples
prepared by the slow solvent
evaporation, thick film
casting technique discussed in
Chapter 5. For the lamellar
microdomain morphology,

Henkee

et al. [165]

have shown that

in thin films prepared

perpendicular interfacial orientations are

from

initially created, but

droplets,

upon annealing they

reorient parallel to the interfacial
constraints for the lower molecular
weight,

SB

20/20, diblock copolymer sample. The thick films
results discussed in Chapter 5
also
indicated non-parallel orientations for the
higher molecular weight samples and
parallel lamellar orientations for the lower
molecular weight diblock samples.

difference

was explained by

The

the solvent evaporation process.

In the dilute solution droplet thin film
results discussed in Chapter 6, a

morphological transition

to

meandering cylindrical microdomains was observed for

samples which typically form obdd microdomains

was

likely

due

in the bulk.

While

this transition

to the thickness constraint present in the film,
a similar transition

was

also observed in the presence of an external surface
constraint, for thick copolymer
films.

Thin films of samples containing cylindrical microdomains
are noted

the axes of the cylinders within the plane of the film.
(IS 23/10)i8

shown
that

min fllm which contains PS
>

cylindrical

A TEM

observed for thick films

in the

in the bulk, is

microdomains

is

similar to

presence of an external surface constraint.
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have

image of an annealed

microdomains

in Figure 7.5b. This orientation of the cylindrical

to

Finally, thin film results

Figure

6. 1

1) indicate that the

Such packing

is

the

most

on a sample containing
spherical microdomains (see

packing of the spheres, for a
single layer,

efficient in

is

two dimensions and has been
shown

hexagonal.
to

minimize

the deformation of the matrix chains
surrounding the spherical
microdomains [19].

The

orientation of the spherical microdomains
at the external surface
of bulk samples

was shown,
surface.

in

Chapter

The packing

of the bcc

5, to

be with the

{

1

10} planes of the bcc lattice parallel to
the

in this plane is not hexagonal,
but

it is

the closest-packed plane

lattice.

7.2.2 Interfacial Segregation

Based on the
thin

and thick

similarities of the interfacial orientations of
the

films, a logical question to ask is

whether the lower

microdomains in

critical surface

tension block segregates to the two interfaces present in
the thin films prepared by the
droplet method. Determination of whether such interfacial
layers are present

obvious from

TEM images of projections along the film thickness direction.

is

not

As

seen

in the cross-sectional schematic of a thin film in Figure
7.6, in thicker regions of the

film which contains interfacial layers and cylindrical microdomains
of the
projections along the thickness direction
the lower critical surface tension

B

would superimpose

block onto the layers of

microdomains. Electron micrographs would

still

B

block,

the interfacial layers of

B

cylindrical

be dominated by the contrast of the

microdomains. However, the morphology observed

in projection at the outer

edge of

the thin films provides insight into the interfacial segregation question.

At the outer edge of the terraced
observed. Henkee et

al.

droplets, an extremely thin region is

[165] have labeled this region the peripheral region and noted

in their studies that the peripheral region appears
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uniform

in projection.

Two

poss.bi.ides

wcrc proposed u>

In the first case (inset

©),

account for the contrast
and can be seen

if tbe

peripherai region contained

chatns .„ a miscible, single-phase

which appears

iighter than

equivalent thickness, in

On

PB

state,

then

rich regions

(ii»,

bilayer of the

block copolymer

^^

and darker than PS rich
regions of

TEM images of pactions along

would create a

Figure 7 7

Os04 staining would yie.d a tegion

the other hand, preferential
segregation of the

Onset

SB

in

PB

the fflm

block to the two interfaces

SB chains. When stained with
Os0

4 the two

dark

PB

layers

would be superimposed onto

the light

PS

layer, resulting in a region

with an intennediate contrast
equal to that of the miscible
layer (inset

(i)) if

possible peripheral regions have
the same thickness. In
both cases, no

microdomains would be seen

in

,

PB

TEM images of projections along the film

the

or

two

PS

thickness

direction.

Henkee

et

al.

likely because of the

[165] suggested that the second explanation
(inset

uniform intensity

(ii))

was more

in the peripheral region. If
the thickness of the

film in the peripheral region gradually
decreased in approaching the edge of
the
droplet, then the

image

intensity should increase. Since
preferential interfacial

segregation of one of the blocks would
discrete,

where the thickness

is

make

the thickness of the peripheral region

determined by the copolymer molecular weight,
and a

single-phase peripheral region would not be
restricted to have a uniform thickness,

was suggested

it

that preferential interfacial segregation
of the lower critical surface

tension block does occur.

TEM images of projections of SB or SI diblock copolymer thin films do not,
however, always contain a peripheral region which appears
uniform

While the

in contrast.

TEM images seen in Figures 6.1 1, 6.12a, and 7.5a show peripheral regions

which are uniform

in projection,

microdomains are seen

TEM images in Figures 6.13a, 6.14, and 7.5b.
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From

in the peripheral region of the

these results and those of

Henkee

et al. [165],

it is

concluded that diblock copolymer
samples containing lamellar or

polydiene minority component
microdomains exhibit a morphology
which
in projection in the peripheral
region.

PS minority component microdomains

When viewed in projection,
exhibit a

is

uniform

samples containing

PS microdomain morphology up

to

the edge of the droplet.

Based on the slow solvent cast
films prepared

tension block

by

is

thick film results and the
observations

on

thin

spin-coating, interfacial segregation
of the lower critical surface

expected

in the thin films

prepared from dilute solution droplets. If

such segregation and immiscibility of the
blocks

is

assumed, then models

to

account

for the morphologies in the peripheral
region can be constructed. Cross-sectional

views of these models are seen

in the schematics of Figure 7.8.

For samples

containing lamellar, obdd, cylindrical, or spherical
microdomains of the lower
surface tension

component (PB or

critical

PI), the attached higher critical
surface tension

block (PS) forms the matrix between such interfacial
diene layers. As seen in
Figure 7.8a,

samples

in

this peripheral

region will appear uniform in projection. However,
for

which the higher critical surface tension block (PS)

component, the segregation of the lower
the interfaces

must be accompanied by

critical surface tension

is

critical surface tension

the minority

blocks (PB or PI) to

the formation of microdomains of the higher

block (PS), since

it is

the minority component. Hence, the

peripheral region of samples in which the lower critical surface tension block (PB
or
PI)

is

the majority

component

tension block (PS),

will exhibit

when viewed

observed morphologies

microdomains of the higher

in projection.

in the peripheral region

critical surface

These models are consistent with the
and provide further evidence for the

segregation of the lower critical surface tension block to both interfaces.

Based on these

Henkee

et al. [165] for

results,

it is

necessary to modify the schematic proposed by

microdomains of the lower
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critical surface

energy block which

"

SCCn in Fi8Urc

11

RathCr
'

«~

-

in inset (ii) of this

figu, cover

the external surface and the
interface with the
substrate, as the figure
suggests the
structure covering the interfaces
should actually only
consist of one layer of
diblock
chains,

m,

Chapter

5,

cells

seen in the .vised schematic
of Figure 7.9. However,
as developed in
a more accurate model would
consider the construction
of Wigner-Seitz
is

which include the microdomains and

A

the

two

interfacial layers.

consequence of the morphology
proposed

in Figure 7.9 is the
fact the

thickness of the film for each of the
terraces should be related
to the ones on either
side.

The reason

for this has to

do with

number of copolymer chains arranged
peripheral region, the film thickness

the fact that each terrace
consists of an even

in the film thickness
direction.

For the

comprised of two layers of block
copolymer

is

chains or a bilayer. In the region
containing two interfacial layers and
a single layer

of microdomains of the lower

critical surface tension block,
four

copolymer chains are

layered in the thickness direction. The
number of layers of chains
direction

is

thus given by 2n where n

The quantization of the

formed where the height of the
to the

al.

[162-164,188]. Symmetric poly(styrene-b-

(SMMA) diblock copolymers

thicknesses of approximately 100 nm.

comparible

a positive, non-zero integer.

thickness of thin films of diblock copolymers
has

recently been addressed by Coulon et

methylmethacrylate)

is

Upon

steps, as

were spin-cast

into films with

annealing, islands or depressions were

determined by optical microscopy, was

bulk lamellar repeat, L. These step heights and the
orientation of

the lamellae parallel to the interfacial constraints,
as deduced from

SIMS

in the thickness

NR [94,131]

and

[121] data, allow the authors to propose a model similar to that seen in

Figure 7.9.

When

prepared on a silicon substrate the PS block segregates to the

external surface because of the lower surface tension and the

poly(methylmethacrylate)

(PMMA)

block segregates to the interface with the silicon
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because of the lower interfacial
tension with
in

Figure 7.10.

(PMMA)
Coulon

When

the

B

SiO* The proposed morphology

(PS) block segregates to the
external surface and the

block segregates to the interface
with the silicon substrate

et al. [162-164,188] the film
thickness

integer typically
interfaces

thickness

is

given by (n

10. If a gold substrate is used, then
the

and the film thickness

These

integer.

*

is

is

given by nL, where n

latter results are similar to the

+

1/2) L,

PS block

is

(+),

seen

A

according to

where n

is

an

segregates to both

a positive, non-zero,

model proposed

in Figure 7.9, since the

L contains two copolymer chains.

If the

copolymer chains are not perturbed by the

the film thickness should be given by

proposed. While

this

may be

nL

or (n

+

1/2)

L

interfacial constraints, then

as

Coulon

et al.

have

the case for lamellar microdomains
oriented parallel to

the interfacial constraints, results in Chapters
5 and 6 have

shown

that the

conformations of the block copolymer chains forming
lamellar microdomains with
non-parallel surface orientations,

obdd microdomains,

cylindrical microdomains,

and

spherical microdomains are perturbed in the presence
of interfacial and thickness
constraints. Thus, although there

may be

quantization of the film thickness, the repeat

value for the other microdomain morphologies will likely be
given by some
modification of a bulk Wigner-Seitz

7.2.3

Morphology

for Non-Integral

Finally, further

thickness changes
al.

is

work on

the

cell.

Copolymer Chain Film Thicknesses

morphology within the region where the film

necessary. According to the schematic proposed by Ausserre et

[163] in Figure 7.10, one of the layers of

results in

B

(PS) lamellae terminates. Based on the

Chapter 5 for lamellae with non-parallel orientations, one might expect

connectivity of the

B

lamellae with the external surface layer of the
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B

block.

Such a

predion

is

also warranted based on
the thin film results
of

Henkee

et al. [1651

For

a sample which forms
alternating lamellar
microdomains, as the film
thickness
increases Henkee et al.
observed that regions of
different height, which
contain
parallel interracial orientations
of lamellae,

were separated by regions
of

perpendicularly oriented lamellae.
This was noted in reference
[165] and also in

unpublished results by Dr. Henkee
for a

star

diblock copolymer which
forms

alternating lamellae in the bulk
of thick films.

A typical micrograph

showing

alternating parallel and
perpendicular interfacial orientations
of the lamellar

microdomains, as one progresses from
the outer edge
(SI 26/1 8)
18 star diblock sample,

The

transition

is

to the center

seen in Figure 7.11.

from lamellae oriented

parallel to the interfacial
constraints to

lamellae oriented perpendicular to the
interfacial constraints
frustration encountered

when

forming diblock copolymer.

of a thin film of the

may

relieve

some of the

the film thickness changes in
a thin film of a lamellar

A cross-section of such a transition is illustrated

schematically in Figure 7.12. Continuity
between the regions of in-plane and normal
lamellar orientations can best be accomplished
by an interface based on Scherk's

minimal surface [187]. This minimal surface (H =
0 unrl)

first

also minimizes the

unfavorable contacts between the two phases, for
a 50/50 volume percent system, and
is

seen in inset

(i)

of Figure 7.12. In addition, the higher

critical surface tension

lamellae normal to the interfacial constraints
are expected to be capped by a layer of
the lower critical surface tension block. This

lamellae by
inset

(ii)

PB

is

experimentally seen in Chapter

similar to the capping of the
5,

PS

and may be seen schematically

in

of Figure 7.12.

With such a

transitional

morphology

over which the thickness change occurs
Figure 7.10. Measurement of

is

to relieve the frustration, the distance

expected to be larger than that proposed in

this distance

cannot be accomplished by optical
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microscopy, due to the resolution
of the technique. Better
techniques

morphology

in this region include
cross-sectional

(AFM). Recent unpublished

to study the

TEM and atomic force microscopy

AFM results by Maaloum et al.

the lateral extension of the
transition in film thickness

is

[188] have

shown

that

20 times larger than the

schematic in Figure 7.10 suggests.
Thus, a structure such as
that proposed in
Figure 7. 12 is also consistent with
AFM investigation of the surface topography
of
thin films of symmetric diblock
copolymers.

7.3

Summary

of the Thin Film Morphology of
Diblock Copolymers

The microdomain morphology

in thin films of diblock

copolymers prepared by

rapid and slow solvent evaporation
techniques was investigated in this
chapter.

A

spin-coating process created films with uniform
thicknesses which were then

examined by cross-sectional TEM. The spinning
accompanying

this

process perturbed the conformations of the
macromolecules.

Although microphase separation occurred, the
cylinder-like

forces and rapid solvent evaporation

ellipsoidal

and interconnected

microdomain morphologies observed were not

microdomain morphologies,

the spherical

respectively, expected at equilibrium.

PB

and lamellar

A clearly defined

surface layer of the lower critical surface tension
block was also not observed.

However, annealing relaxed

the chain deformation and allowed the lower critical

surface tension block to segregate to the external surface
and to the interface with the
substrate.

While annealing resulted

of the microdomain

IMDS was

in the

expected surface layers, the preferred shape

not always restored, nor did the samples exhibit long

range ordering of the microdomains.
Films with thicknesses on the order of the length scale of the microdomains

were prepared by slow solvent evaporation from
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dilute solutions.

These films were

examined by

TEM

in projection

along the film thickness
direction. The microdomain

morphologies and orientations of the
microdomains with respect
constraints

were consistent with those
expected based on the

Observation of the projected
morphologies
is

to the interfacial

results of

in the peripheral regions

Chapter

5.

of the thin films

consistent with proposed models
having the lower critical surface
tension block at

both the external surface and at the
interface with the substrate.
These models are also
in

agreement with the quantization of the
film thickness.
Therefore, in thin films of block
copolymers there

is

a large driving force to

place the lower critical surface tension
block at the external surface and
at the
substrate interface.

Under near-equilibrium

conditions, the lower critical surface

tension block can segregate to the
interfaces and self-assemble to form
microdomains

with long range order and preferred interfacial
orientations.

If the

processing

conditions are such that the glass transition
temperature of the solvent swollen PS

phase rapidly reaches room temperature, then
a non-equilibrium morphology
kinetically trapped.

The much

is

shorter solvent evaporation times that are
present

during spin-coating can thus hinder the self-assembly
process and the segregation of
the lower critical surface tension block to the
interfaces.

255

PU

256

epoxy

110nm

(a)

(b)

Cross-sectional

TEM micrographs of thin films of an SB 40/40 diblock

copolymer sample, (a) An unannealed film spin-cast onto a carboncoated sodium chloride substrate, (b) A thin film spin-cast onto a

sodium chloride
Continuous

by arrows

PB

substrate

and annealed for 14 days

at 1 15

°C.

interfacial layers for the annealed film only are

in (b).
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Figure 7.6

surface

interface

Cross-sectional schematic of a thicker region of the thin films prepared

from

where the minority component, lower
block forms interfacial layers and cylindrical

dilute solution droplets

critical surface tension

B

microdomains.
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Figure 7.7

Cross-sectional schematic proposed by Henkee et al. [165] to account
for the projected microdomain morphology observed in the peripheral
region. Miscibility of the blocks to account for the uniform contrast
seen in inset (i), while surface segregation and immiscibility of the

blocks

is

shown

in inset

(ii).
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is

e

t
external

substrate

surface

interface

(a)

substrate interface

(b)

Figure 7.8

Cross-sectional schematics of the peripheral region of thin films of
diblock copolymers in which the lower critical surface tension B block
segregates to the external surface and to the interface with the
substrate.

when

the

The

B

peripheral region appears (a) uniform in projection
block is the minority component since the attached A block

forms the matrix between the
in projection

when

the

A

B

block

interfacial layers
is

component microdomains.
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(b)

non-uniform

component since the A
must now form the minority

the minority

blocks attached to the interfacial layers

and

Figure 7.9

Revised cross -sectional schematic for a thin film containing interfacial
layers and microdomains of the lower critical surface tension block.

264

Cross-sectional schematic proposed by Ausserre
et al. [163] to account
for the variation in copolymer film thickness
of annealed thin films of
symmetric
diblock copolymers spin-cast onto a silicon

SMMA

substrate (+).

B

denotes the PS block and

265

A denotes

the

PMMA block.

Figure 7.11

TEM micrograph of a projection along the film thickness direction in a
on a carbon substrate of an
diblock copolymer. Lamellar microdomains with

dilute solution droplet thin film

(SI 26/1 8) i g star

alternating perpendicular and parallel interfacial orientations are seen
as

one progresses inwards from the uniform peripheral region

the center of the droplet, the total
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number of layers,

(P).

n, is three.

At

Figure 7.12

Cross-sectional schematic of the alternating in-plane and normal
lamellar orientations as the film thickness increases for a film
containing alternating lamellar microdomains. The thickness
difference between the in-plane lamellae with

n-2 and n=3

is

one

minimal surface [187] (inset (i)) affords
continuity of the two phases in the regions between the in-plane and
normal lamellar orientations. Capping of the higher critical surface
lamellar repeat. Scherk's

first

tension lamellae with normal interfacial orientations
inset

(ii).
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is

seen in

CHAPTER 8

NEAR-SURFACE MICRODOMAIN

STAR DffiLOCK AND LINEAR

MORPHOLOGY OF

TRIBLOCK COPOLYMERS

While the majority of the work
presented thus

far has considered the
influence

of interfacial constraints on the
microdomain morphology of linear

copolymers,

in this chapter star

considered.

The influence of an

AB

diblock and linear

AB

diblock

ABC triblock copolymers are

external surface constraint on
star rather than linear

AB diblock copolymers is discussed in Section 8.1.

In Section 8.2, a linear

block copolymer containing three different
blocks

investigated.

is

Both the bulk and

near-surface microdomain morphologies
are explored for the linear

copolymer. Finally, a summary of the near-surface

and a linear triblock copolymer

8.1

Star

AB

is

given in Section

linear

ABC triblock

results for star diblock

copolymers

8.3.

Diblock Copolymers

Previous morphological investigations of star

shown

ABC

that the bulk

AB

diblock copolymers have

microdomain morphologies observed are

AB diblock copolymers, i.e.

spherical, cylindrical, obdd,

microdomains have been found

[32].

obdd microdomain morphology

in star diblock

As discussed

total

in

Chapter

copolymers

the composition of the star diblock copolymer, but

such as the arm number, the

identical with those for

is

is

and lamellar

6, the

not only dependent upon

also dependent

arm molecular weight, and

formation of the

upon variables

the position of the

minority component block. Results from Chapters 5 through 7 have shown that the
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copolymer system would
critical surface tension

like to reduce the
surface

block

^

energy by placing

at the external
surface.

It is

lower

therefore likely that the

vanables which are important in
determining whether the
obdd morphology

is

formed

are also relevant in determining
whether the lower critical
surface tension block can
segregate to the external surface
in star diblock
copolymer samples.

While surface segregation was
observed
15 volume percent of the lower

copolymers, with star
of the lower

lower

AB

critical surface tension

constrained at both ends.

between the
the other

B

B

block

is

number of conformations

block in linear

chain

is

star,

then the

tethered by the

critical surface tension

star.

B

B

block chain

is,

chains in a surface coating of the

B

If the

chains are

A block phase, while

constrained by the central star linking
junction.

available to the inner

diblock

IMDS formed

The

therefore, restricted.

In the presence of an external surface
constraint, the conformations of the

B

block

block phase would be even further restricted.

Also, as the

number of diblock arms within

more radial

trajectories.

the star increases, the arms

Such a shape does not seem condusive

continuous planar surface layer of the lower
star

SB

necessary to consider the location

on the inside of the

block phase and the higher
is

it is

PB

block and the number of arms
in the

One end of the B

end of the B chain

copolymer compositions of only

critical surface tension

diblock copolymers

critical surface tension

for

must assume

to the formation of a

critical surface tension block.

diblock copolymers, there are additional entropic
penalties which

may

Thus for
hinder the

segregation of the lower critical surface tension block
to the external surface.

The

star

AB diblock copolymers to be discussed in this section contain PS and

PI blocks. Characteristics of the copolymers are found
in Table
facilitate discussion

4.5. In order to

on the near-surface morphology of the various

investigated, Section

1

star diblocks

of Chapter 8 will be divided into two subsections.

269

8.1.1

Comparison with Linear

Cross-sectional
star diblock

AB

Diblock Copolymers

TEM results on the near-surface microdomain

morphology of

copolymers exhibiting PI cylindrical
and PI obdd microdomains

in the

bulk are discussed and then
compared to the near-surface
morphologies observed in
linear diblock copolymers having
the same bulk microdomain
type. The influence of
an external surface constraint on
a slow solvent cast and
annealed thick film of a star
diblock copolymer which forms
cylindrical microdomains of the
lower critical surface
tension block (PI) was investigated.
The star diblock, an (SI 30/7)
18 copolymer, is

one of the 18 arm

star SI diblock

copolymer samples

surface layer because the PI block
block.

However, cross-sectional

PI block to the external surface

is

the minority

least likely to exhibit a PI

component and

it is

also the inside

TEM results indicated that segregation of the inner

still

occurred.

The thickness of

the PI surface layer

formed was approximately 2.0 nm.
Beneath the PI surface
in Figure 8.1.

bulk,

The PI

layer, PI cylindrical

cylindrical

and orient with the cylinder

microdomains are packed hexagonally, as
axis parallel to the PI surface layer.

microdomain radius of approximately 7.0

Hence

microdomains are formed, as seen

nm was

A

in the

PI cylindrical

measured from the micrographs.

the radius of the PI cylindrical microdomains

is

much

larger than the thickness

of the PI surface layer for the (SI 30/7)
18 diblock copolymer sample.

The preferred
diblock copolymer

formed by the

is

linear

orientation of the PI cylindrical

microdomains

in the star SI

identical with that observed for

PB

microdomains

BS

cylindrical

10/23 diblock copolymer sample (see Chapter

5).

Such an

orientation of the cylindrical microdomains will facilitate the formation
of a surface

layer of the lower critical surface tension block.

diblock copolymer, the thickness of the

PB

However for

surface layer
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the linear

BS

was approximately

10/23
the

same

as the radius of «he

thickness

PB

cylindrical microdomains.
Thus, the ratio of the
surface layer

* One radius of the cyUndrical microdomains deceases

copolymer

in

which the lower critical surface
surtace

t^\
nn
tension,

for the star diblock

•

minority component block

is

the inner block of the star.

The

near-surface morphology of
an (IS 15/47)
18 star diblock. which forms PI

obdd microdomains

in the bulk,

was

also investigated.
Cmss-sectional

on a slow solvent cast and annea,ed
sample
PI cylindrical microdomains
always occurs

TEM results

indicate that a morphological
transition to
in the near-surface
region. In all

of At
sections examined, PI cylindrical
microdomains were observed within
the outer 3
marked by the Os0 surface staining
4
technique. The prefened
surface orientation of

m

the PI cylindrical microdomains

However,
in the

was with

the axes parallel to the
external surface.

as seen in Figure 8.2a, a clearly
defined surface layer of PI

was not apparent

TEM micrographs.
In order ensure that the
morphological transition to PI cylindrical

microdomains

in the near-surface region

for the (IS 15/47)
18 star diblock

An

annealing temperature of

because of the large
sectional

total

1

was not due

to contaminants, a

new

surface

copolymer was created by cutting the sample

in half.

15 o C was used, but the annealing time was
increased

molecular weight of the

star diblock molecule. Cross-

TEM results on a sample annealed for 26 days indicate the formation

of a

continuous PI surface layer and a three-dimensionally
continuous PI microdomain

morphology beneath the surface

layer.

While

(1 1 1)

PI obdd microdomain morphology were observed

wagon-wheel projections of

in the near-surface region,

range ordering was seen immediately beneath the
external surface, as the
projection in Figure 8.2b indicates.

microdomain morphology was

also not connected to the PI surface layer.
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no long

TEM

The three-dimensionally continuous PI

the

These

results are both similar

and

different to the results
obtained for the linear

IS 10/21 diblock

copolymer which forms PI
obdd microdomain, In
samples which
were p.pared by slow solvent
casting and annealing,
PI cylindrical
microdomains
were observed beneath the external
surface of both the linear
and star diblock
copolymer samples. Cutting and

annealing of the IS 10/21
sample yielded an isolated

PI surface layer, PI cylindrical
microdomains, and occasionally
the
the PI

obdd morphology beneath

{ 1

the external surface.
Although the

10} planes of

same cutting and

annealing procedure was used for the
(IS 15/47)
18 diblock copolymer, a highly-

ordered PI microdomain morphology
was not observed beneath the
external surface,

even when the sample was annealed
for 26 days. The absence
of a highly-ordered PI
microdomain morphology beneath the PI
surface layer, in the cut and
annealed
(IS 15/47)!
8 sample,

weight of the

star

is

likely

due

to the

slower evolution for the high
molecular

macromolecule. However, the slow solvent
casting and annealing

procedure did allow for a highly-ordered
near-surface microdomain morphology
for
the (IS 15/47)
18 star diblock copolymer.

While a PI surface layer thickness of approximately
the cut and annealed (IS

3.3

nm was observed for

15/47) 8 sample, the average diameter of the arms of the PI

tetrapods seen in the cut and annealed sample
was approximately 16.6 nm.

A

17.0

nm

average diameter was also measured for the
near-surface PI cylindrical microdomains

found

Hence

in the

slow solvent cast and annealed film of the

the PI surface layer thickness

is

much

microdomains formed beneath the surface
linear IS 10/21 diblock

copolymer.

smaller than the size of the PI

layer.

copolymer indicated

(IS 15/47)
18

TEM results in Chapter 6 for the

that the PI surface layer thickness is

approximately the same as the radius of the PI cylindrical microdomains
beneath the
surface layer, or the average radius of the arms of the PI tetrapods
forming the PI

obdd morphology. Therefore,

the thickness of the PI surface layer relative to the size
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of the undedving P,

difftrs

form PI obdd microdomains
the PI

in the bulk.

obdd forming diblock copolymer,

nucrodomains

is

simi.ar to

me

„

_^ ^^

^^

A1 th„ ug h the PI block
ft, decrease

„

^

is

^

$

the outer block in

^

rf

pj

observations for the (SI
30/7) 18 star dib.ock copo.ymer

which forms PI cylindrical
microdomains.
For both the linear and

microdomains
the SI

IMDS

star IS dib.ock

copolymer samples which form
PI obdd

in the bulk, the PI blocks
in the surface layer
are

and are

free at the other end.

The PS blocks

anchored

IMDS

one end

to

attached to the PI surface

layer experience quite different
constraints. Although one end
of the

tethered to the SI

at

PS blocks

for both the linear and star
diblocks, the other

end

is

is

free for

the linear IS diblocks and anchored
by the central star linking junction
for the star IS

diblocks. Because of the

more

radial nature of the star
macromolecule, the

PS chains

are expected to radiate outward from
the core of the star towards the
PI surface layer.

These

trajectories

would then increase

the area per junction along the
SI

consequently decrease the thickness of the PI
surface
are not expected for the

PS chains beneath

layer.

Such

IMDS

and

radial trajectories

the PI surface layer in the linear IS

diblocks. Hence, a smaller area per junction
along the SI

IMDS

surface layer thickness relative to the star
diblocks, are expected.

and a larger PI

The experimental

observations on the linear and star IS diblock copolymers
are consistent with these
predictions.

In the linear and star diblock copolymers

microdomains, respectively, the
the

SB and

SI

PB and

IMDS. However for

along the SI

is

cylindrical

PI chains in the surface layer are tethered to

the star SI copolymer, the PI chains are also

anchored by the core linking junction. The
SI star diblock

which form PB and PI

radial nature of the inner PI chains in the

therefore expected to result in an increase in the area per junction

IMDS

and, hence, a decrease in the thickness of the PI surface layer
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Native

to the

consist

.

for a Unear

BS <U bIock copolymer

.

TOs

with the experimental
observations for the linear

.

^

BS and star SI diblock

copolymers.
Similarities

and differences are therefore
noted for the influence
of an external
surface constraint on diblock
copolymers exhibiting the
same bulk microdomain
morphologies, but having different
macromolecular architectures.
the lower critical surface tension
block

A

surface layer of

was always observed. However,

the thickness

of the surface layer relative to the
bulk microdomain size was
observed to decrease for
the star diblock copolymers
compared to the linear diblock
copolymers. The decrease

can be explained by considering the
additional topological constraints
on the inner
block of the star diblock copolymer.

8. 1 .2

Comparison of Inner and Outer PI Star Diblock
Copolymers

In this subsection, the near-surface

copolymers having nearly

morphology of two 4 arm

identical compositions

in the position

of the PI block

as (SI 10/23)4

and

is

(IS 23/1 0) ,
4

compared. The

star

diblock

and molecular weights, but differing

star diblock

copolymers are labelled

and thick films were prepared by the slow solvent

casting and annealing procedure. While previous

indicated that both of these samples form

PS

TEM and SAXS

cylindrical

studies [189] have

microdomains

in the bulk,

small regions containing PS obdd microdomains were
observed by the author during

TEM investigations of the bulk microdomain morphology of the (SI

10/23)4 diblock

copolymer. Such an observation indicates that the free energies of the
obdd and
cylindrical

microdomain morphologies must be very

and Thomas [27] have shown

obdd and

that this

cylindrical microdomains.

is

close. Calculations

by Anderson

the case for star diblock copolymers forming

TEM investigation of the bulk microdomain
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morphology of the

(IS 23/10) diblock
4
indicated

*e prcsence

of PS cylindrical

microdomains only.
Cross-sectional

TEM was used to investigate the

morphology of slow solvent

near-surface microdomain

cast and annealed thick
films of the (SI 10/23)
4 star

diblock copolymer. Although the
PI block formed the
inner block in
segregation of the PI block to the
external surface was observed.

beneath the PI blocks

at the external surface

were observed

to

this star

diblock

The PS blocks

for™ one or two laye.

of PS cylindrical microdomains
with the axes of the cylinders
parallel to the external
surface.

Underneath these top layers of PS
cylindrical microdomains, the
PS
microdomains became interconnected to

yield a three-dimensionally
continuous

microdomain morphology,

as seen in Figure 8.3a.

However, cross-sectional

TEM examination of the (IS 23/10)

copolymer sample indicated the exclusive
presence of PS
with the cylinder axes parallel to the
external surface

by the
(IS

{

Os04 surface

cylindrical

in the outer

4 diblock

microdomains

few microns marked

A cross-sectional TEM image of the

staining technique.

23/10)4 copolymer sample showing a (100) projection
of the PS cylinders with a

100} surface orientation

the external surface

is

seen in Figure 8.3b. Segregation of the
outer PI block to

was always

seen.

While the PI block segregates
and

PS

(IS 23/10)4 star diblock

to the external surface for both the (SI
10/23) 4

copolymer samples, the dependence of the minimum PI

chain extension, from the external surface to the underlying
PS cylindrical

microdomains, on the position of the PI block
be examined. Based on cross- sectional

nm and

copolymer can also

TEM investigation of the near-surface

microdomain morphology of the two samples,
chains are approximately 8.1

in the star diblock

10.0

the

minimum extensions

nm for the (SI

of the PI

10/23) 4 and (IS 23/10)4 star

diblock samples, respectively. Although the PI molecular weights in the two
star
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^Mockcopoly^ are not identical, the
block chams

m the (SI

surface are in a

10/23) 4 diblock suggests
that the PI chains at
the external

more collapsed

Because the PI chains
to the cylindrical SI

smaller PI chain extension
for the inner PI

state

when

they are the inner
block in the star

at the external surface
for the (SI 10/23)
4 diblock are tethered

IMDS

and anchored by the central

star linking

conformations of the PI chains are
mone restricted than for the

which one end of the PI chains

at the external surface
is free.

agent the

(IS 23/10) diblock, in
4

The lack of an

additional constraint on one end of
the PI block at the external
surface

is

therefore

seen to result in a larger PI chain
extension away from the underlying
cylindrical SI

IMDS.
The

position of the blocks in a star diblock
copolymer, therefore, not only

influences the bulk microdomain morphology,
but also influences the near-surface

microdomain morphology. Although surface
segregation
lower

critical surface tension

block

is

critical surface tension

and the near-surface microdomain morphology
are noted

8.2 Linear

As

observed whether the

the inner or outer block, the

of the surface layer covering the higher

of the lower

is

to

minimum

thickness

block microdomains

depend upon the position

critical surface tension block.

ABC Triblock Copolymers

discussed in Chapter

linear block

copolymer

of a third incompatible block in a

results in the formation of

linear diblock copolymers.

However,

morphologies should be related

from a review of the

2, the addition

as Riess et

to those

new morphologies

al.

not observed in

[54] have proposed, the basic

observed for linear diblock copolymers and

literature this has generally

been the case for the experimental

results thus far. In a triblock copolymer, there are three incompatible
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components and

^ ^^^

hence three

critical surface tensions

star dtblock

copolymers, the position of the
.owes, surface tension block
will

must

H co „

^

.ilcely

determine the microdomain morphology
in the near-surface
region. Before
investigating

how the microdomain morphology
and,

hence, the macromolecular

conformations of a unblock copolymer
are perturbed by an
external surface constraint,
it is firs, necessary
to establish the bulk
microdomain morphology of the
triblock

copolymer.

8.2.1

Bulk Microdomain Morphology

Three linear

ABC triblock copolymers containing PS A blocks, PI

and poly(2-vinylpyridine) (P2VP)
each are given

in

Table

4.7.

C

blocks,

blocks were synthesized and the
characteristics of

As discussed

in

Chapter

4, thick films

solvent cast from tetrahydrofuran (THF)
and annealed for one

equilibrium microdomain morphology.

microdomain morphology. Of the

B

were slowly

week

to

promote the

TEM was used to explore the bulk

three samples investigated, only the

SI2VP

15/13/15 sample was seen to exhibit a highly-ordered
microdomain morphology in the
bulk. Therefore, the bulk and near-surface
microdomain morphologies will only be

discussed for the

Previous
containing

(P4VP)

PS

SI2VP 15/13/15

triblock copolymer.

TEM investigations [38-46]

A blocks, PI or PB B blocks,

C blocks

of similar triblock copolymers

and

P2VP or poly(4-vinylpyridine)

have not carefully considered the problems associated with the

determination of the microdomain morphology in triblock copolymers.
As
for diblock copolymers, sufficient contrast between the phases

determine the microdomain morphology. In order

is
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the case

necessary to

to obtain contrast

phases, selective staining to enhance the mass thickness contrast

is

is

between the

commonly

used.

Figure 7.4

Computer-generated image of the recently discovered
lamellar-catenoid structure.

The

sheet-like regions are

connected by catenoid-like pieces. From Thomas
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et al. [187].

For a three component system

this either requires
the

use of a single stain which
will

create three levels of contrast
(black, white, and grey)
or the sequential use of two
or
more different stains which will each
selectively stain different

of two or more different stains

morphology. However,
in

it

it

may

then be possible to infer
the microdomain

must also be remembered

that the contrast levels

TEM images can vary because the two-dimensional

through a

image

observed

formed by projection

is

finite section thickness
containing three-dimensional
objects.

Based on
Price et

phase, From the use

al.

Os04 and

(AgN0 3 )

silver nitrate

[38] suggest miscibility of the

staining, but

PS and P2VP blocks

no

TEM

in their

tilt

series,

SI2VP

23/102/23 triblock copolymer, when cast from
methylcyclohexane or benzene.
Similarly, Fielding-Russell and Pillai
[39] conclude that the
are miscible in their

Os04

SB2VP

PS and P2VP end blocks

12/40/10 triblock copolymer cast from
benzene, based on

staining and the closeness of the solubility
parameters for the

blocks.

However, Kotaka

distinct phases in the

et al. [41-46]

PS and P2VP

observe microphase separation into three

SB4VP triblock copolymers

which they investigated. They also

claim to be able to distinguish between the three
phases by staining with

Although no proof was given, they

state that

and

atoms

less strongly with the nitrogen

the darkest regions to the
lightest regions to the

PB

Os04 reacts

in the

with the

P4VP rings

[41].

olefmic bonds

and, therefore, they assign

domains, the grey regions to the

PS domains

PB

Os04 only.

They do not consider

P4VP domains, and the
the fact that the

projection through a dark (stained) and a light (unstained)
domain would yield a grey

domain. This

is

particularly true for the "ball-in-a-box"

[41] propose (see Figure 2.6a). If

PB

PB

ball will

in-a-box" morphology,

be projected onto the

it is

P4VP

surrounds the inner

section with a thickness larger than the diameter of the

stained outer

morphology

not clear that the
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PB

and a

is

al.

TEM

ball is cut, then the

P4VP ball.

P4VP phase

ball

that Arai et

Os04

Therefore, from the "ball-

more heavily

stained with

Os04 than ft, PS

phase. Also,

k is

possible

^^

inner

^

comprised of PS chains.

However, Kudose
stained with

Os04 for 4 to 7

suggest that the

Based on recent
than

et al. [44] later
investigated

P4VP phase

is

mone heavily

thin section is

stained with

[190],

When cast from THF and annealed for one

to

also

the

PS phase.

more heavily stained

Os04 for 24 hours.

week, the SI2VP 15/13/15 sample

exhibited a highly-ordered microdomain
morphology.

ultrarnicrotomed sections stained with

TEM micrographs

Os04 than

P2VP is

exposed

^

S4VP diblock copolymers

days before microtoming
and their

TEM results of Ishizu et al.

PS when a microtomed

^^

Os0 4 vapors

TEM examination of cryo-

for

4 hours revealed the presence

of hexagonally packed concentric
circular and alternating layer
projections, which can

be seen in Figures 8.4a and

b, respectively.

layer projections are observed

is

The

fact that both concentric circular

suggestive of a concentric cylindrical
microdomain

morphology. Tilting of the specimen actually
reveals
micrograph seen

in Figure 8.4c

shows

that this is the case

and the

the cylindrical nature of the
microdomains.

The microdomain morphology of the sample

therefore consists of hexagonally packed

concentric cylinders of two of the components in
a matrix of the third component.
similar

and

morphology has been experimentally observed by
Matsushita

et al. [53] in

A
an

ABC triblock copolymer containing 31 wt% of a PS A block, 22 wt% of a
poly[(4-vinylbenzyl)dimethylamine]
block, see Figure 2.7c.

by Riess

et

al.

(P4VBDMA) B

The concentric

block, and

47

wt%

of a PI

C

cylinder morphology has also been predicted

[54], as seen in Figure 2.5, for a

volume

fraction

between 0.2 and 0.4

of the two blocks forming the concentric cylinders.
Staining with

Os04

the inner cylinder and

alone does not, however, reveal which of the blocks forms

which forms the matrix phase.

When

seen in an (001)

projection, directly along the axes of the concentric cylinders, the inner cylinder
phase
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and the matrix phase have the
same
that with a

4 hour

stain

above

same degree and both phases

contrast, as

Os0 4 vapors,

the

shown

in Figure

8.4, This implies

PS and P2VP phases

are stained less than
the PI phase.

are stained to the

While three

levels of

contrast are seen in the layer
projection of Figure 8.4b,
the grey layers are actually
due
to a projection of the heavily
stained PI phase onto the
unstained or lightly stained

inner concentric cylinder.

The

light layers are then
explained as the unstained or

lightly stained matrix phase. This
interpretation is valid if the
cryo-ultramicrotomed

section thickness

diameter

is

is

larger than the diameter of the
outer PI concentric cylinder. This

nm which is

approximately 28

thickness that

is

smaller than the 50 to 100

nm

section

typically cut during cryo-ultramicrotomy.

In order to determine

which of the blocks forms

the inner cylinder

and which

forms the matrix, additional staining with the
vapors of CH I was performed. CH3I
3
is

known

to stain

P2VP

[190].

When microtomed

vapors for 4 hours and subsequently with

CH3I

examination revealed three levels of contrast
projections.

P2VP is

As seen

Os04 stained PI phase. The

PS phase by

were stained with

vapors for 12 hours,

the

is

stained darkest by

CH3I, but

is still

Os04

TEM

in both the circular (001)

in Figure 8.5, the PI phase

stained darker than the

sections

and layer (100)

Os04 and the

lighter than the

fact that the grey phase is located at the core
of the

concentric circles indicates that the P2 VP blocks form the
inner cylinder while the PI

blocks form the second concentric cylinder. The PS blocks then
must form the matrix

surrounding the concentric cylinders.

Although the morphology observed
similar to that predicted by Riess et

al.

for the SI 15/13/15 triblock

[54], there are

noted. According to the predictions of Riess et

al.,

some

the

copolymer

differences that

P2VP and PI phases

is

must be
should

comprise between 20 and 40 volume percent of the SI2VP triblock sample when
concentric cylinders of

P2VP and PI

are observed.
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The data

in

Table 4.7 shows that

these two phases comprise
66.5 volume percent of the

Besides the difference

of one of the

IMDS

is

in the predicted

SI2VP 15/13/15 sample.

volume percent

different than Riess et

for this

predict

al.

morphology, the shape

and Matsushita

et al. [53]

propose.

For triblock copolymers undergoing
microphase separation
there are

the

two

IMDS

P2VP / PI IMDS

is circular,

consistent with the fact that the
triblock

As

to consider.

copolymer and

seen in Figures 8.4a and 8.5a, the
projection of

as expected for a cylindrical
microdomain. This

P2VP

is

close to the composition

which cylindrical microdomains are observed
projection of the PI

PI

/

PS

IMDS

/

PS IMDS

is

is

block comprises 32 volume percent
of the

composition

this

into three phases,

in

windows over

diblock copolymers. However, the

not always circular. Rather, the projection
of the

appears somewhat like a hexagon.

A two-dimensional projection of the Wigner-Seitz cell for the microdomain
morphology of the SI2VP 15/13/15

triblock

copolymer

is

shown

in Figure 8.6.

Because of the hexagonal packing of the P2VP and PI microdomains,
the projection
of the Wigner-Seitz cell

much

a hexagon.

is

As

seen in Figure 8.6, the PI

closer to the sides of the Wigner-Seitz cell than the

examination of the micrographs
appearance of the PI

/

PS IMDS

in Figures 8.4a

derives

/

PS IMDS

P2VP / PI IMDS.

PS IMDS

the Wigner-Seitz cell.

more from

the presence of six diametrically
six flattened

are parallel to the six sides of the hexagonal projection of

The shape of the PI / PS IMDS

packing of the PS chains

Closer

and 8.5a reveals that the hexagonal

opposed flattened sides than from the presence of any sharp edges. The
sides of the PI /

is

to

uniformly

Seitz cell. Because the PI /PS

IMDS

fill

is

is

therefore influenced by the

the remaining space within the Wigner-

much

projection of the Wigner-Seitz cell than the

than interfacial area minimization

is

closer to the sides of the hexagonal

P2VP / PI IMDS,

chain stretching rather

key for determining the shape of the PI
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/

PS

IMDS. The P, / PS IMDS observed
constant

^

mean curvature interface

curvature of the PI
/

PS IMDS

in the

SI2VP

^

15/.3/15 sample

^

varies with position
along the

„

^^

^^^^
,

IMDS.

Small-angle x-ray scattering
(SAXS) was also performed
on the same SI2VP
15/13/15 tribiock copolymer, prepared
under neariy identical
conditions, by Dr.

Gobran
plots.

[33]. Six

sha*

interference peaks

we re

These peaks can be indexed as the
first through

reflections for a hexagonal array
of cylinders,

determined to be 45.5

samples prepared
the

observed

± 1.1 „ m

[33].

in this dissertation

work

is

likely

due

and eighth order

lattice

Measurements from

P2VP cylinders of approximately 40

intercylinder distance

in the scattered
intensity

fifth

where the

David

spacing was

TEM micrographs of the

indicate a center to center
distance between

± 2 nm. The discrepancy

to the staining process

between the

and / or deformation during

cryo-ultramicrotomy.

8.2.2 Near-Surface

Microdomain Morphology

The influence of an

external surface constraint on the

SI2VP

copolymer which forms hexagonally packed
concentric P2VP and PI
microdomains
linear

and

cylindrical
surface.
parallel

star

in the

bulk

is

cylindrical

discussed in this subsection. Based on the results
for

diblock copolymers, the preferred orientation
of the concentric

microdomains

is

expected to be with the axes parallel to the external

However, cross-sectional

TEM examination revealed the presence of both

and non-parallel surface orientations of the concentric
cylindrical

microdomains. Figure 8.7a shows a typical cross-sectional

Os04

15/13/15 triblock

surface-stained

SI2VP 15/13/15

triblock

TEM micrograph of the

copolymer where the axes of the

cylinders are parallel to the surface. In this micrograph, the
concentric cylinders
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appear as layers, when viewed

eve.s are observed. The
the dark

and

^

in a transverse
(100) projection,

.avers are the

and three contrast

P2VP cylindrical nticrodonuins,

light layers are the
concentric
uiKxnmc PI
ri rvlin^oi
cylindrical

whi,e

microdomains and the PS

matrix phase, respectively.

A very thin surface layer of PI is noted
concentric cylinders. In the

lowest

for the parallel
orientation of the

SI2VP triblock copolymer,

critical surface tension
(see

Table

4.9).

The

the middle PI block
has the

thickness of this layer

approximately one-third the thickness
of the bulk PI

layer. Since the

segregates to the external surface,
the covalently attached

does not indicate the formation of
distinct PS and
surface layer. Rather the
cross-sectional

first

layer of concentric

TEM investigation

P2VP microdomains

P2VP blocks

indicated in the schematic in Figure
8.8a, the

surrounding the

beneath the PI

beneath the PI surface layer.

PS chains

P2VP and

in the

matrix phase

PI cylinders parallel to the external

surface, for a (100) projection in
Figure 8.8a, are also present in the

phase beneath the PI surface

blocks must

TEM microgniphs of Os04 stained samples

suggest there must be mixing of the
PS and

As

middle PI block

P2VP and PS

be present beneath the PI surface
layer. However,
cross-sectional

mixed PS

orientations of the concentric

the cross-sectional

cylinders

P2VP blocks

P2VP and PI cylinders

lie

P2VP

above the PI surface

surface

Rather than contacting the PI

terminate beneath the surface, as

the PI surface layer since the

block would then have to

and

P2VP and PI cylinders.

TEM micrograph in Figure 8.7b indicates.

do not contact

/

layer.

A thin surface layer of PI was also observed for the non-parallel

surface layer, the concentric

is

The

inner

PS chains attached

layer. Therefore,

P2VP
to the PI

mixing of the PS

covalently bonded to the PI blocks in the surface layer
also must

occur for non-parallel surface orientations of the concentric

P2VP and

PI cylinders.

Similar to the case for the parallel orientation, the PS blocks
attached to the concentric
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a* presen, in this mixed P2VP and PS
phase TOs resuI(s
of the ends of the inner P2VP
cylinders by the surrounding
cyhnders

.

^

^^

PI b.ock, Schematics of

cross-sections of the near-surface
morphology observed for the

sample, to indicate the location of the
PS, PI, and

SI2VP

15/13/15

P2VP chains, are shown in

Figures

8.8a and b for parallel and petpendicular
surface orientations of the
concentric

P2VP

and PI cylindrical microdomains,
respectively. While no preferred
surface orientation
of the concentric cylinders beneath the
external surface was observed,
the morphology
beneath the PI surface layer always results

in

PS chains

directed towards the external

surface.

8.3

Summary

In this chapter the influence of an external
surface constraint on block

copolymers having different macromolecular architectures
was investigated by
sectional

TEM. The

desire to minimize the surface energy of the
system

result in the segregation of the

surface.

lower

However, the

ratio

critical surface tension

critical surface tension

was seen

to

block to the external

of the thickness of the surface layer to the size of the

critical surface tension

copolymers are compared

lower

cross-

microdomains was found

to linear diblock

to decrease

when

star

diblock

copolymers. The location of the lower

block (inside or outside block) in the star diblock copolymer

influences both the thickness of the surface layer above microdomains of the
higher
critical surface tension

block and the underlying microdomain morphology of the

higher critical surface tension block. Preferred surface orientations for the

microdomains formed by the

star

diblock copolymers are identical to those observed

for linear diblock copolymers with similar compositions.
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For a triblock copolymer

in

which the lowest

critical surface tension

block

is

the middle block, the segregation of
the middle block to the external
surface and the

lack of microdomains of the end blocks
beneath this layer suggest mixing of the
two

end blocks. Therefore, based on cross-sectional

TEM results, the presence of an

external surface constraint can alter the
miscibility of the two end blocks in a triblock

copolymer.
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Cross-sectional

TEM micrograph of the near-surface morphology of a

sample which exhibits
stained-only (SI 30/7) 1 8 star diblock copolymer
axial (001) projection of
PI cylindrical microdomains in the bulk. An
as is a thin PI surface
the hexagonally packed PI cylinders is seen,
layer.
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Figure 8.6

Schematic showing the two-dimensional (001) projection of the
Wigner-Seitz cell for the concentric P2VP and PI cylindrical

microdomain morphology

in the

SI2VP 15/13/15

triblock

copolymer

sample. Six diametrically opposed, flattened sides of the PI PS
/
IMDS, within the hexagonal projection of the Wigner-Seitz cell, are
seen in the schematic.
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CHAPTER 9

CONCLUSIONS AND FUTURE WORK

Chapter 9

is

divided into ,wo sections.

and a discussion highlighting

the

most

A restatement of the main

thesis topic

significant conclusions of
the research are

given in Section 9.1. Section 9.2
includes suggestions for
further work which will

enhance the understanding of the surface
morphology and

the surface properties of

block copolymer systems.

9.1

Conclusions from the Dissertation

The

Work

global aim of this dissertation work was
to understand

which govern the microdomain morphology and,
hence,

interfacial constraints.

types of interfacial constraints considered were
an external surface constraint

and a thin film

constraint.

A

thin film introduces an external surface
constraint

interfacial constraint with a substrate.
interfacial constraints is
less,

the physics

the macromolecular

conformations of block copolymers are influenced
by various

The two

how

then there

is

When

the separation distance

and an

between the two

on the order of the length scale of a few microdomains or

also a thickness constraint present.

In order to observe

how

the

microdomain morphology and macromolecular

conformations are influenced, transmission electron microscopy (TEM) studies
of thin
films and cryo-ultramicrotomed cross- sections of bulk polymer were
employed. Since

TEM provides a two-dimensional projection of the three-dimensional morphology in
block copolymers, a goniometer stage was utilized
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to

determine the three-dimensional

morphology

in the thin films or in
the near-surface region
of the thick films.

and spacing of the microdomains

from the two-dimensional

mean

in the near-surface

TEM projections.

curvature between the phases, the

(t)

away from

quantities in the bulk

the

IMDS

could be calculated.

and near-surface regions,

block copolymer chains are affected by

it is

interfacial

IMDS, and

AB

diblock copolymers, star

critical surface tension

investigated. Three

then possible to infer

and / or thickness

block

is

linear

was observed

B

constraints.

this dissertation.

In

block, were also examined.

critical surface tension

for all of the block

compositions investigated. Cross-sectional

morphology

the

diblock copolymers with the lower

block to the external surface

to the interface with the substrate, under
near-equilibrium

conditions,

how

ABC triblock copolymers, in which the lowest

the center

Segregation of the lower

and

these

block as the inner or outer block of the diblock
arms were

component

critical surface tension

AB

the extension

By measuring

Several types of block copolymers were
considered in
addition to linear

interfaces of constant

curvature (H) of the intennaterial

dividing surface (IMDS), the area
per junction (aj) along the

of the blocks

size

and bulk regions were measured

Assuming sharp

mean

The

in the near-surface region of

sample processing

copolymer architectures and

TEM results of the microdomain

slow solvent cast and annealed thick films

revealed the formation of a poly(butadiene) (PB) or poly(isoprene) (PI)
surface layer
in linear poly(styrene-b-butadiene)

c opolymers, star SI diblock

(SB) and poly(styrene-b-isoprene) (SI) diblock

copolymers and

in a linear poly(styrene-b-isoprene-b-

2-vinylpyridine) (SI2VP) triblock copolymer.

TEM projections along the film

thickness direction of thin films of linear and star diblock copolymers prepared by a

slow solvent evaporation technique also provide evidence for
of the lower

critical surface tension block.
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interfacial segregation

The on, y way not
component was

to

form

interfacial layers of
the

lower

critical surface tension

to spin-coat thin films.
In spin-cast films,
the solvent evaporation

Ume is

approximately l«4 times shorter
than the evaporation
time for the thick films

Hence

the self-assembly process

is

hindered by the extremely
rapid solvent

evaporation rate which causes the
glass transition

temper of the solvent swollen

poly(styrene) (PS) phase to quickly
increase above
the films
the

were then subsequently annealed
above

PS and PB blocks

the formation of a

PB

room

temperature. However,

if

the glass transition
temperatures of

for several weeks,
cross-sectional

TEM examination revealed

surface layer. Therefore, for
SI and

equilibrium there are always interfacial
layers of the lower

SB copolymers

at

critical surface tension

(PB

or PI) block.

The thickness of
depend upon several
of the lower

variables.

The most

sensitive parameter

critical surface tension block.

linear diblock

thickness

the surface layer present at the
external surface

was

However,

is

was noted

the molecular weight

TEM results for a number of

copolymer samples with a range of compositions
indicated
also dependent

to

that the

upon the molecular weight of the attached higher

critical

surface tension block and, hence, the bulk
microdomain geometry and the

composition of the diblock copolymer. For
the surface layer

block.

was influenced by

star diblock

copolymers, the thickness of

the location of the lower critical surface tension

A slightly larger surface layer thickness was measured for samples of two star

diblock copolymers, differing only in the position of the
blocks, when the lower
critical surface tension

block was the outer block of the arm. Different surface layer

thicknesses were observed for linear diblock copolymers containing
lamellar

microdomains

in the bulk,

depending upon the orientation of the lamellar

microdomains with respect

to the external surface.

2%

The thickness of the

surface layer

was observed

* be smaller by faetors of up t0 , when

to paralle. (0°) „ear-surface
orientations of the lamellar

micmdomains.

Preferred orientations of the
microdomain morphologies
wete observed in the

presence of interfacial constraints.
For diblock copolymers
fonning body-centeted
cubic packed spherical
microdomains
in the bulk,

me closest-packed planes are

the

10) planes and these planes, and occasionally
the (100) pIanes were
,
found to te
parallel to the external surface
in thick ftlms of
diblock copolymers. In fdms
(

1

containing only a single layer of
spherical micmdomains,
hexagonal packing of the

microdomains was observed. The preferred
orientation of the cylinder
axes,
thin

and thick films of diblocks which form
hexagonally packed

microdomains

in the bulk,

was

for both

cylindrical

parallel to the interfacial
constraints.

Hence, the

(

100)

planes are parallel to the interfacial
constraints for cylinder forming
diblock

copolymers.

For diblocks with compositions exhibiting
the ordered bicontinuous double-

diamond (obdd) microdomain morphology
cylindrical

microdomains was observed

constraint and a thin film constraint.
cylindrical

in the bulk, a

in the

The

morphological transition

to

presence of an external surface

preferred interfacial orientation of the

microdomains was consistent with the

results for cylindrical

microdomain

forming diblock copolymers. Occasionally regions
of the external surface of thick
films did not undergo such a morphological
transition. In such instances, a preferred
{ 1

10} surface orientation of the obdd morphology was observed. The arms
of the

tetrapods which normally

Apparently
{ 1

if

would be directed towards

the surface orientation of the

obdd microdomain morphology

10} planes parallel, this represents a low energy

cylindrical microdomains, with the

{

the external surface were absent.

state.

is

with the

Reconstruction to form

100} planes parallel to the external surface,

occurs in regions where other {hkl} orientations were present.
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Finally, in diblock
copolymers
whirh
V ymers which

fnm alternating
„b
form
lamellar microdomains

» the bulk, both parallel and non-parallel surface orientations
lower molecular weight diblocks,
the

were observed

parallel surface orientation

For

was preferred

in

annealed thin and thick films.
However for higher molecular
weight copolymers
solvent evaporation during both
thin and

thick film formation
favors non-parallel

surface orientations which

become

kinetically trapped,

depending upon factors such as

the solvent evaporation rate, the
molecular weight of the diblock
copolymer, the film
thickness, and the annealing time
or temperature.

The preferred
the total free energy

interfacial orientations observed
all derive

by the lowering of

the surface energy of the
system and

decrease of the geometric frustration
encountered
interfacial constraints.

A

from the reduction of

in the

by the

presence of two-dimensional

two-dimensional interfacial constraint
presents various

degrees of frustration depending upon the
preferred bulk conformations of the
block
chains and hence the bulk geometry and
connectivity (shape and
the

IMDS)

mean

curvature of

of the microdomains. Two-dimensionally
continuous alternating lamellar

microdomains would ideally orient

their

Such an orientation would minimize

IMDS parallel to

the frustration, since the bulk values of
the

curvature, area per junction, and chain extension
could

same time allow

the interfacial constraints.

all

be maintained, and

mean

at the

for the formation of planar interfacial layers
of the lower critical

surface tension block. Hence, this

is

the equilibrium surface orientation for lamellar

microdomains. For one-dimensionally continuous cylindrical
microdomains, when
the direction of continuity (the axes of the cylinders and
hence their
parallel to the interfacial constraints the chain perturbation

is

IMDS)

reduced and

is

oriented

at the

same

time a more substantial portion of the matrix chains are directed towards
the two-

dimensional interfacial constraints. Increasing the number of chains directed towards
the interfacial constraints will facilitate the formation of the external surface
and
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copolymer / substrate

interracial layers of the

lower

critical surface

tension

component, and thus decreases the
surface energy of the
system.
Reduction of geometric frustration
induces the morphological
the three-dimensionally continuous

obdd microdomain morphology

transition

from

to the one-

dimensionally continuous cylindrical
microdomain morphology. The
only regions
which do not undergo the transition are
those

whose

one which

will direct the largest

because a plane parallel

orientation of the tetrapods

number of matrix chains towards

to the external surface contains

the

is

the external surface,

two arms from each of the

tetrapods, and thereby facilitates the
formation of a surface layer of
the lower critical

surface tension block. For the non-continuous,
spherical microdomains, there

is

no

possible preferred domain orientation.
However, with the closest-packed planes
parallel to the external surface, the
interfacial constraints is

number of matrix chains

maximized and thus

the lower critical surface tension

component

The area per junction along

the

the formation of the interfacial layers
of
is

IMDS

favored.

can vary significantly

an external surface constraint. Both decreases of up

200%

in the area per junction

800%

in the thickness

directed towards the

were found. This

to

in the presence of

50% and increases

variation,

of up to

and the decrease by up

to

of the external surface layer for certain domain types and

orientations, indicates that the chain conformations of
block copolymers are highly

adaptable in the presence of an external surface constraint.

The strong tendency

for the lower critical surface tension

component

to

segregate to the interfaces influenced the near-surface microdomain morphology.

Immediately obvious indications of this influence were the surface-induced
orientations and the surface-induced morphological transition. Also, significant
variations in the

results of this

key morphological

work

descriptors: H, aj,

therefore provide

new

and

t

were calculated. The

insight for the basic understanding of the
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Physics which govern the
microdomain morphology
of block copolymers.
This
knowledge can be used to enhance
the development
of the near-surface

structure /

property relationship for block
copolymer systems.

9.2 Future

Work

In order to further the
understanding of the surface
morphology of block

copolymers, future experimental
investigations should combine
other surface analysis
techniques with cross-sectional TEM.

As was shown

high-resolution scanning electron
microscopy

in this dissertation,
low-voltage

(LVHRSEM)

and atomic force

microscopy (AFM) can provide complimentary
information on the near-surface

morphology and external surface topography,
instrumentation for these two techniques

is

respectively.

The

fact that the

becoming more widely available and

the

fact that both of these techniques allow
rapid investigation of large surface
areas with
little

sample preparation required, clearly

surface analysis

identifies the prospect for

work of block copolymers with

more extensive

LVHRSEM and AFM.

However,

in

order to properly interpret the data gathered
from these techniques, cross-sectional

TEM investigations must always be performed in tandem with either of these
techniques. This

is

especially true since neither

determine whether a surface layer of the lower
present.

The superb

resolution of

the surface topography, in the

where h

is

the height and x

LVHRSEM nor AFM can readily

critical surface tension

set,

is

AFM can provide a more accurate measurement of

form of a two-dimensional data

and y are the coordinate axes

given by h(x,y)

plane parallel to the

TEM which provides only

h(x,y=constant). Cross-sectional

300

set

in the

external surface of the sample, than that of cross-sectional

a one-dimensional data

block

TEM results are

indispensable for correlation
of the
6 surfarp
u
SUrtace t„™
t0P0graphy
with the underlying
.

microdomain morphology.
Several interesting projects
involving

on the

clonal TEM

critical surface tension

^

resuIts of

b.ock i„ .

f the lower critica. surface tension

fc

_

Us

b.ock

copoIymcr
is

rf

^^^
^

^^

the majority

^ ^^
^^

^ ^^
(o

component and me two

blocks are immiscible, then
microdomains of the higher
critical surface tension
must be formed immediately
beneath the surface layer.
In this case, the

closer to the external surface

block

is

man

the minority component.

in the

case

when

IMDS

Mock
will

be

the lower critical
surface tension

The topography of the

external surface should

therefore have a greater chance
of being influenced by the
shape of the underlying

microdomains. While cross-sectional
external surface topography, future

topography of samples

in

TEM results indicated an approximately planar

AFM investigation of the external surface

which the higher critical surface tension
block

is

the

minority component would provide
more detailed information on the correlation
of
the external surface topography
with the shape of the

microdomains. For

SB

PS

content.

In the area of thin films of block
copolymers,

enhance the understanding of the morphology
discussed

in

Chapter

for the underlying

or SI diblock copolymers, preliminary
investigation would

therefore target diblocks with low

As

IMDS

7,

AFM also has the potential to

in films with

non-uniform thickness.

TEM images of projections along the film thickness

direction in thin films of lamellar forming
diblock copolymers have

shown

alternating

in-plane and perpendicular orientations of the
lamellar microdomains upon increases
in film thickness.

While a cross-sectional schematic was proposed

morphology, further

to account for the

AFM work would test the validity of the proposed model.

model, the perpendicular lamellar orientation
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is

thought to occur

in the

region

In the

between the in-plane orientations
of lamellar nucrodomains,
where the fllm thickness
h mcreasing or decreasing. The

APM results presented in Chapter

diblock copolymers with
non-parallel lamellar
orientations

5 for thick fOms of

at the external surface

suggest that a one-dimensional
corrugation of the external
surface should be found
between two flat regions of the
external surface
(in-plane lamellar
orientations)

differ in thickness.

AFM could also be used to investigate the

which

surface topography in

regions above the proposed Scherk
transition morphology,
which interconnects the in
plane and perpendicular lamellar
orientations.

While microscopy surface analysis
techniques were most appropriate

SB and

for the

SI diblock copolymer samples
because of the chemical similarity
of the two

blocks in the copolymers, implementation
of more chemically sensitive
surface
analysis techniques such as x-ray
photoelectron spectrometry (XPS) and
secondary

ion mass spectrometry (SIMS)

copolymer.

One such

readily studied

by

is

possible with the choice of the appropriate
diblock

system, poly(styrene-b-dimethylsiloxane)
(SDMS), can be

TEM as well.

The

difference in critical surface tension between
the

PS and poly(dimethylsiloxane) (PDMS)

blocks

is

approximately 12

mN/m

[168,174],

about four times the difference between that of PS
and PI or of PS and PB. Hence,
the presence of interfacial constraints

is

anticipated to similarly alter the bulk

microdomain morphology and macromolecular conformations of
SDMS diblock
copolymers via segregation

to

form a layer of the

PDMS

block.

In addition to the implementation of other surface analysis
techniques, results

presented in this dissertation on diblock copolymer blends forming the obdd

microdomain morphology

in the bulk (see

Chapter 6) suggest some other interesting

experiments to perform. The extension of the minority component chains within the

obdd channels has been calculated
question that can be asked

is

to vary

whether

it is

by 82 percent

[83] along the

IMDS.

possible to relieve the stretching and
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A

compression of the chains by
Mending two diblock
copolymers, A Bl and A B
,
2 2
having long and short A ehains
to form A obdd
channels. If the shorter A,
blocks
segregate to the narrower regions
and the longer
regions,

men i, may

A 2 blocks segregate to the wider

be possible to enlarge the
composition window over which
the

obdd microdomain morphology

is

observed. Such work

transport and mechanical properties
of the

is

watranted given the unique

obdd microdomain morphology.
The 7

percent variation in the extension of
the majority component
chains outside the obdd
channels [85) also suggests tailoring of
the B, and B block lengths
in the future
2

blend studies.

The observation of the morphological

transition

from obdd microdomains

in

the bulk to cylindrical microdomains in
the near-surface region of the
diblock

copolymer blend sample investigated
tailoring the bulk

two

in

Chapter 6 also suggests the possibility of

and surface properties of block copolymer
samples. By blending

different diblock copolymers together,

for the external surface,

it

may

where one of the diblocks has a preference

be possible to selectively choose the near-surface
and

bulk microdomain morphologies. This

ability

would have important consequences

for

block copolymer applications such as adhesives. Since
a good adhesive requires both

good cohesive and adhesive

properties,

it is

important to control both the bulk and

near-surface morphologies. If the two Aj or two Bj block molecular
weights in the

diblock blend are very different, then intradomain mixing of the two Aj
or two Bj
blocks

is

not expected. Based on the fact that the surface tension of a homopolymer

decreases with decreasing molecular weight, the diblock copolymer having the smaller

molecular weight of the lower surface tension block might therefore be expected

to

preferentially migrate to the external surface.

In blends of diblock copolymers, there are additional factors which must be

considered. Enthalpically

it is

most favorable
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to place the

lower surface tension

species at the external surface.
In a blend of two
chemically identical diblock

copolymers differing only
whether

in the

molecular weights of the two
blocks,

to consider just the
molecular weights of the

is

also

is

not obvious

lower surface tension block or
to

consider the total molecular
weight of the two block copolymers

which

it is

when determining

the lower surface tension
species. Based on the results
of this dissertation,

known

that the

copolymer chains can be highly
perturbed

external surface constraint.

morphology

in

Of the

copolymer

an

block copolymer morphologies
investigated, the

which the chains are

parallel to the external surface.

in the presence of

it

least perturbed is for alternating
lamellae oriented

Thus the entropic penalty

at the external surface is

in placing the diblock

expected to depend upon the composition
and

hence the bulk microdomain morphology
of the diblock copolymer. In a mixture of
diblock copolymers having different
compositions, therefore there are enthalpic and
entropic factors that will determine which
diblock copolymer segregates preferentially
to the external surface.
If the

molecular weights of the minority component blocks
are very different,

mixing of each of the respective blocks
(Ai with
in the near-surface or bulk microdomains.

Thus

A 2 and Bi
it

with

B 2)

is

not expected

should be possible to determine the

diblock species present in the near-surface region by comparing the
shape and size of
the microdomains with the near-surface morphologies of samples
of each of the

individual block copolymers. Cross-sectional

such measurements.

TEM is the technique best suited for

A series of experiments could then be performed to determine

whether enthalpic or entropic

Having established

effects

dominate

in the particular blends.

the ability to control the bulk

morphologies in diblock copolymer blends,

it

and near-surface

would then be of interest

which combination of surface and bulk microdomain

to

determine

structures yields the best

material properties for the desired application. If the "best properties" depend upon
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the thickness of the external
surface layer,
in this dissertation

it

must be remembered

that, as

concluded

work, the surface layer thickness
does not only depend upon the

molecular weight of the lower critical
surface tension block. For a diblock
copolymer
with fixed composition and
architecture, exploration of

how

the surface layer

thickness scales with the molecular
weight of the lower critical surface tension
block

would be of interest.

A

scaling exponent of 2/3

is

expected for samples containing

lamellar microdomains oriented
parallel to the external surface. Since
the

curvature of the

away from

the

IMDS,

IMDS

the area per junction along the

IMDS, and

chain extension

are not constant for the other
near-surface morphologies,

deviation from the strong segregation
limit scaling exponent of 2/3
in

mean

is

possible. Also,

order to improve adhesive strength, rough,
high area surfaces rather than smooth,

minimal area surfaces are preferred. As discussed

earlier,

non-planar surfaces are

expected in diblock copolymer samples when the
higher surface tension component

is

the minority component. Choice of the
appropriate block molecular weights and

diblock copolymer compositions might then be used
to create patterns with controlled

geometries on the surface of block copolymer samples. Exploration
in both of these
areas

would

further the

development of the near-surface structure

relationship for block copolymer systems.
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APPENDIX

SURFACE MIGRATION OF DIBLOCK

DLUU POPni
v*,o„ ™
COPOLYMER
IMPURITIES

While the goal of this

dissertation

was

to investigate the
influence

of
mterfacial constraints on the
microdomain morphology
and hence the macromolecular

conformations of block copolymers,
the surface analysis
technique employed crosssectional TEM, also proved to
be a very useful
technique for monitoring
the surface

migration of contaminants. Surface
tension investigations
[99,100] have revealed
surface segregation of ABA block
copolymers when added to
homopolymer of the
higher critical surface tension
block in the copolymer.
However, morphological
studies of the interfacial migration
of block copolymers are

The block copolymer samples
supposed

to be pure block

size exclusion

more

limited [101,102].

investigated in this dissertation were
ideally

copolymer with very

little

chromatography (SEC) was performed

contaminant.
to

To achieve

this,

remove any low molecular

weight material. The polydispersities of
the as-received block copolymers
were
typically less than or equal to 1.05.

guarantee that the sample

is

free of

However, such low polydispersities do not
always

low molecular weight contaminants.

In preparing

slow solvent cast and annealed samples, any
low surface tension species present
block copolymer sample will be given ample
opportunity
surface.

SB

to segregate to the external

The most obvious example of surface contamination was

for the as-received

80/80 linear diblock copolymer sample.
Cross-sectional

TEM examination of the cast and annealed, as-received,

specimen indicated the formation of an unusual morphology
region.

The morphology observed

is

in the near-surface

not one of the typical microdomain
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in the

morphologies expect*
C

7

di

Si ° n in,

°

7

in

^

pure diblock
copolymers

might explain the morphology
rp
„ gy
by a thin layer of gold,

me

cross-sectiona.

TEM.

** -

SamPlC

—

Ho«.v,r .even
However,

.

Inidally

- «"

k was

«-

whence external

unusual near-surface
morphology was

Ttt, complex near-surface
morpho.ogy

At a depth of approximately
,0

Is

surface

surface
still

was marked

observed h y

shown

pm from the surface, the alternating

w ith epoxy

In

A

Figure

1

lamellar

microdomain morphology expected
for the SB 80/80
diblock cop„, yme r can
be seen
in the lower right hand
corner of
Figure A. 1

Analysis of the as-received

SB

80/80 diblock by

SEC revealed the presence

of

approximately one percent of a low
molecular weight material.
For a one
thick
film, the 10
depth of the unusual near-surface
morphology also corresponds

mm

m

to

approximately one percent of the

weight contaminant material

is

total (1

likely

due

mm thick) sample.
to

The low molecular

premature termination of the living
end

during synthesis of the diblock
copolymer. Because of the
synthesis order for the
blocks in the copolymer, first PS
then PB, and the fact that the
low molecular weight
tail in

the

SEC

trace occurred at elution

volumes lower than

homopolystyrene of identical molecular
weight

would occur,

the

to the

low molecular weight contaminant

that at

PS block

which

in the

copolymer

likely contains a fully

polymerized PS block and varying lengths
of PB. The morphology

in the near-

surface region, resulting from surface
segregation of the contaminant, should
therefore

be higher in PS content than

PB

content. Figure A.l indicates that this

although three contrast levels are seen in the
darkest regions are obviously

PS and PB

contrast in the grey regions did not vary

a small amount of

PB mixed

in the

TEM micrograph.

rich, respectively,

when

PS phase.
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tilted,

is

the case,

While the

lightest

and

based on the fact that the

the grey regions are likely due to

THe

segregation of the contaminant
diblock copolymer material to
the external
surface implies that this
material has a lower surface
tension than the SB 80/80

diblock copolymer material
observed

in the

bulk of die sample. Whether

lower molecular weight and
hence lower surface tension of the

PB

i, is

the

block or the whole

diblock copolymer contaminant
that causes the surface segregation
remains to be
determined.

Before the near-surface morphology
of the lamellar forming

copolymer could be

investigated, the

removed. To accomplish

SEC several more

80/80 diblock

low molecular weight diblock material
had

the as-received

this,

SB

times. Cross-sectional

SB

to

be

80/80 sample was fractionated by

TEM results, discussed in Chapter 5, have

indicated the absence of any contaminant
layer and the formation of alternating

lamellar microdomains immediately
beneath the external surface.
in the

near-surface region

is

The lamellar repeat

similar to that found in the bulk of the
sample.

Therefore, the additional fractionation
successfully removed the low molecular weight

diblock copolymer contaminants.

Besides fractionation by SEC, another technique

contaminants would be to
outer interfaces.

first

cast

The "cleaned"

Alternatively, as performed for

the

to

remove surface

and anneal a thick film and then cut away the two

material could then be recast and annealed.

some of

obdd microdomain morphology,

the diblock

copolymer samples which form

the influence of the

newly created surface

constraint could be examined. Sufficient annealing to
allow the specimen to approach
the equilibrium near-surface microdomain

Therefore, the cross-sectional

morphology

is

necessary.

TEM surface analysis technique not only

provides a means to investigate the near-surface microdomain morphology
of block

copolymers, but also provides a very sensitive method to investigate the presence
of
surface contaminants in block copolymer samples. While other surface
analysis

308

techniques s «ch as x-ray
photoelectmn spectroscopy and
secondary ion mass
spectroscopy are sensitive to
contaminants which are chemically
different than the
bulk material, these techniques
cannot provide detailed
information on the presence of
chemically similar contaminants

which may

morphology.
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alter the near-surface

microdomain

lamellar structure

is

visible approximately
10 urn

310

below the

surface.
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